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The thesis presents details of a laboratory study of the behaviour of 
cemented roadbases under load, the work relating to the use of relatively 
lean concrete mixes having sufficient workability to allow placing by 
slip-form paver.
Large-scale comprehensively instrumented static loading tests were 
undertaken on 3 m diameter discs, continuously supported by a simulated 
subgrade of rubber, in order to investigate the material behaviour under 
conditions approaching those in a pavement structure. Test variables 
included mix type, slab thickness and subgrade support for which, in 
each instance, two oases were considered. Laboratory tests on associated 
control specimens provided material properties for use in subsequent 
analyses, and considerable emphasis was placed on determining the 
tensile stress-strain response under flexural and under uniaxial 
tension loading. The control tests were later extended to give the 
characterising properties at ages other than 7 days so that, in 
particular, the longer term performance under trafficking could be 
estimated.
Test slab performance was evaluated primarily by an elastic multi­
layer analysis and it was found that good initial agreement was 
obtained between observed and predicted performance in terms of 
strain. The load at whioh a well-defined fracture of the test slabs 
occurred was very much higher than the value predicted from theoretical 
considerations and this is difficult to explain satisfactorily. It 
would seem, however, that the primary cracks induced were relatively 
stable under the test conditions imposed since pronounced discon­
tinuity in both the load-strain measurements and the load-deflection 
measurements was identified at much lower loads, indicating the 
initiation of a failure mechanism.
SUMMARY
Comparison of tensile strains at discontinuity in the large-scale tests 
with those at discontinuity in the laboratory flexure tests showed good 
agreement. These strains are therefore thought to define an upper 
limit for predicting satisfactory long-term behaviour under trafficking 
whereby higher induced tensile strains would lead to reduced life- 
expeotancy. A method for estimating these strains based on the use 
of tensile strength and electrodynamic elastic modulus is proposed.
In conclusion, the investigation highlights the difficulty of obtaining 
meaningful data relating to the structural design of pavements incor­
porating a new material, and recommendations are made for further 
work in this area.
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1. INTRODUCTION
The current method of pavement design in the United Kingdom (DoE, 1970), 
as is the case in most countries, . is firmly based on empirical findings
from experimental road sections subjected to trafficking. This primazy
dependence upon data derived from trials is in contrast with other 
branches of the engineering profession, in which analytical methods 
for design and optimisation have been widely adopted. A theoretical 
basis for structural design is clearly desirable since it leads to 
greater understanding of fundamental behaviour and, consequently, 
more economic design. Highway engineers have not however neglected 
this fact but, rather, have been directed by circumstance. Compared
with most other design problems, pavement design is rather more
complex since the primary prerequisites of applied loading, material 
properties and failure criteria are unusually difficult to define. 
Furthermore, the solution of even a greatly idealised analytical 
representation of layered structure behaviour is beyond the scope 
of practical manual calculation.
During the past decade or so, several trends emerged which have 
influenced the direction of pavement research. The principal factor 
has been the marked advances in electronic computation capability and 
the widespread availability of sophisticated machines. This has 
provided an essential tool for pavement analysis, and has allowed the 
development of theoretical frameworks for road characterisation. In 
addition, substantial increases of traffic growth and vehicle loading 
have led to many cases of premature deterioration of the most heavily 
trafficked roads, whilst rapidly increasing costs have highlighted 
the need for economy in design. It is apparent that effective use of 
analytical methods can only be obtained if suitable design parameters 
are incorporated with, in particular, meaningful material characterisation.
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At present, roads are defined as flexible or as concrete construction, 
in which the main running course is either a bituminous material or a 
concrete respectively. A recent estimate (ACMA, 1980) shows that over 
95% of all pavements in the United Kingdom are flexible with, on average,
80% of the total new major road construction during the past ten years
being flexible. This bias towards flexible roads, allied to the complex 
nature of the bituminous and granular materials normally associated with 
this type of construction , has meant that by far the larger portion of 
research into pavement material evaluation has become directed towards 
those materials. It is becoming increasingly recognised, however, that 
data regarding the performance of cementitious material permitted in 
flexible pavement design are relatively limited. Furthermore, it is 
evident that these materials, because of their high stiffness, con­
stitute an important structural element of the pavement.
Three main categories of cement-stabilised material are defined (DTp,
1976a) which, in order of increasing quality, are designated as soil- 
cement, cement-bound granular material and lean concrete. The first 
two do not normally use processed materials and are considered essen­
tially as sub-base types. Their use in roadbases is only permitted 
for relatively limited trafficking (DoE, 1970) and, in this country, 
the materials have not been used sufficiently under demanding con­
ditions to justify more extensive use. On the other hand, materials 
which would comply with these British designations have been used far 
more in the United States (PCA, 1975) where it is often not economically 
justifiable to transport better quality materials.
In Britain, however, the most widely used of the cement-stabilised 
materials is lean concrete. For example, a survey of sixty successful 
tenders for new roads started in 1969 showed that lean concrete was 
used for 58% of the total length (James, 1972). Since this is the 
only base type allowed for all design levels of traffic, it is considered 
unlikely that this situation has altered to any significant extent. The 
material utilises concreting quality aggregates but with a low cement 
content. In addition, the water content is reduced to suit the method 
of field compaction normally adopted which, as is the case for 
previously noted materials, is generally vibrating roller.
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Interestingly, a further category of cement-stabilised material was 
introduced in the current specification and is termed as wet-lean 
concrete. This description is rather inaccurate, since the material 
conforms essentially to grading and strength limits specified for 
cement-bound granular material, but the principal feature of the new 
material class is its suitability for compaction by conventional means. 
It is likely that the addition of this further permissible material type 
to the specification is mainly due to the increasing usage of slip-form 
pavers in road construction. These machines have given rise to higher 
standards of accuracy and increased rate of construction for concrete 
pavements, and their availability has created a demand for other road 
materials which can be placed by the same method, thereby making the 
best advantage of this plant and increasing construction efficiency.
The proven pedigree of lean concrete, and its similarities with normal 
concrete, suggest that it would be a primary choice for slip-form 
paver construction. However, a far greater degree of workability is 
required to enable placing and it follows that a 'wet1 lean concrete 
would be necessary. Thus, a material having similar strength and 
elastic properties to lean concrete but also modified fresh properties, 
to produce a mobile cohesive mix, is therefore indicated.
The work undertaken during this investigation examined the material 
properties and structural behaviour of two such mixes. Aggregates are 
similar to those specified for lean concrete and hardened properties 
are broadly comparable. Differences are evident in both the water and 
cement contents which are generally higher and, in addition, these 
particular mixes incorporated a small proportion of limestone dust 
filler to enhance the fresh properties and reduce any tendency for 
bleeding and segregation. Consequently, the mixes were similar in 
appearance to normal concretes in the fresh state and were suited 
to compaction by vibration alone. In this thesis, the term wet-lean 
concrete is used to describe the materials since this seems to be the 
most accurate designation. Subsequent use of this nomenclature will 
not, therefore, imply a material meeting the specification requirements 
for wet-lean concrete.
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2. CEMENT-STABILISED MATERIALS IN RELATION TO CURRENT
UNITED KINGDOM PRACTICE
The work reported in this thbsis was undertaken in order to investigate 
the behaviour of two wet-lean concretes in a simulated roadbase situation. 
These materials are low strength compared with normal concrete and 
were designed to give broadly similar properties to dry lean concrete, 
which is itself classed as a cement-stabilised material for road con­
struction (DTp, 1976a). This Chapter provides a brief review of the 
development of cement-stabilisation and places particular emphasis on 
the characteristic properties of lean concrete.
2.1 Cement-stabilisation: an historical review
Cement-stabilisation is one of a number of methods used to improve 
the performance of materials for road-building which, in this case, 
is achieved by the addition of cement. The technique can be applied 
to a wide range of materials either to enhance the suitability of an 
already acceptable one or to enable the use of otherwise unsuitable 
types. In this country, the most widely used is lean concrete which 
has earned a favourable reputation in road construction because of its 
proven behaviour (Brewer & Williams, 1968; Williams, 1973)* In general, 
however, cement-stabilised materials are considered as low quality and, 
consequently, as having poor performance although such a simplification 
is not always justified. This is attributable to the early development 
of cement-stabilisation.
The technique may be traced back to 1917 when, independently in both 
Britain and the United States, attempts at soil stabilisation with 
cement were undertaken. In the United States, a patented method 
entitled 'Soilamies' was published in 1917 and this was followed by 
a further patent 'Soilcrete* in 1920 (Catton, 1959)* Meanwhile, on 
Salisbury Plain, trials were initiated by Brooke-Bradley in which 
cement was used to modify the behaviour of muddy tracks to enable 
trafficking by 'heavy* vehicles, and it is to him that much of the 
pioneering work is attributed (Discussion, Maclean & Robinson, 1953).
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There was until 1932, however, only a limited usage of cement-stabilisation, 
at which time South Carolina began an investigation into low-cost all- 
weather roads (Mills, 1936). The results from road trials of 1933 an^
1934 produced material that did not rut or displace in wet weather nor 
return to mud in the winter and, according to Catton (1959)» these 
findings prompted the Portland Cement Association (PCA) to sponsor an 
investigation in 1935 in order to produce a predictable low-cost 
material for lightly trafficked paving.
This project marked a major advance in cement-stabilisation, largely due 
to the earlier work of Proctor (1933) who had examined the compaction of 
soil at optimum moisture content and found it possible to achieve reason­
able strength by this means. Thus the PCA considered ’if the addition of 
cement would hold the mass in this condition regardless of moisture 
changes, a new structural material, having many new uses, would result'.
In the United States, at least, the material had begun to be thought of 
as a structural layer rather than just a method of subgrade improvement 
prior to construction.
The situation in Britain at this time was summarised by Sparkes and 
Smith (1945) in the statement ’the purpose of stabilisation is to main­
tain the moisture content and the mechanical properties of the soil at 
a satisfactory level so that it will retain its original compacted state
indefinitely achieved to an appreciable extent by compacting the
soil to an adequate density. The same object can also be secured by 
adjusting the grading of the soil, by adding certain cementitious 
binders such as cement, or by waterproofing the soil with bitumen or 
resin*. It appears, therefore,that pronounced structural action was not 
envisaged for the material in Britain at that time, and a 7 day cylinder 
strength of only 1.7 MN/m^ became associated with soil-cement.
The start of the second world war produced an urgent need for new air­
fields for which the primary requirements were rapid construction and 
the ability to withstand the loads imposed by military aircraft. In 
particular, the escalating size and weight of heavy bombers confronted 
pavement designers with loadings beyond the scope of previous knowledge, 
and it is noteworthy that cement-stabilised materials were widely 
adopted under these circumstances. In the United States alone, for 
example, it is estimated that over 18 million square metres of soil- 
cement were placed for this purpose during the 1940 *s (HEB, 196l).
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The term soil-cement applied to these original modified materials has 
received widespread recognition internationally hut, during the 
ensuing years, many types of material have been successfully stabilised 
which has led to the adoption of more specific material categorisation. 
Consequently, oare must be exercised when account is taken of the 
definitions subsequently introduced for specification purposes in 
various countries.
The current British specification for road and bridge works(DTp, 1976a) 
designates three main classes of material for cement-stabilisation. 
Compliance test requirements for cement-bound granular material and 
soil-cement are based on soils testing philosophy, which is a direct 
indictment of their development as modified soils. In contrast, lean 
concrete differs from normal concrete only in respect of the reduced 
quantities of cement and water required and, consequently, test methods 
are in accordance with standard concrete practice (BS 1881:1970).
In addition, the poorer quality stabilised materials are limited in 
usage by factors such as allowable trafficking levels (DoE, 1970) and 
rigorous testing requirements (DTp, 1976a), and it is therefore considered 
that these materials are not directly comparable with lean concrete 
and outside the scope of the present discussion.
2.2 Lean concrete in British roads
The use of lean concrete in this country probably dates back to the 
1930's and, in the discussion to a paper on the use of low grade 
aggregates for roads and airfields (Markwick & Keep, 1942), one 
contributor describes a road constructed in North Wales during 1936 
which used a lean mix base with an aggregate/oement ratio of 10. In 
the years following the war, lean concretes with various aggregate/ 
cement ratios were used and it was during this period that the problem 
of cracking received close attention. Progressively leaner mixes were 
specified in an attempt to achieve more frequent fine cracking and 
aggregate/cement ratios of 14 became common in the mid 1950's.
According to Williams (1972), aggregate/cement ratios of 18 and 20
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were widely used towards the end of that decade and the specification 
in force at the time (MoT, 1957) reflected the prevalent attitude.
Thus, mixes with an aggregate/cement ratio of 15 to 20 were allowed 
for gravel aggregate and a general method specification was followed 
so that strength was not a requirement.
Subsequent editions of the specification (1963; 1969; 1976a) illustrate 
the evolution of lean concrete in road construction, and it is 
interesting to note that cube strength has become the principal method 
of mix assessment. The latest edition (1976a) introduced a maximum 
strength level, in addition to the earlier minimum strength requirement, 
and has omitted any aggregate/cement ratio stipulation although the 
accompanying notes (1976b) provide a guide for likely strength com­
pliance. Cube strengths are now limited to values between 10 and 
20 M/m2 at 28 days in a more positive approach towards cracking, 
although it has been suggested elsewhere (Williams, 1978) that these 
restrictions will not necessarily solve the problem of cracking. It 
is clear, however, that a target cube strength of 15 M/m^ at this 
age is implied. Field density should be not less than 95% of tee 
theoretical density with zero air voids, although laboratory cube 
densities are usually higher than in-situ values.
Although direct comparison of the strength specified for lean concrete 
with the early work on soil-cement is difficult (Williams, 1972) 
because of differences in test procedure, it seems that lean concrete 
is a relatively strong material, and the emphasis on crack avoidance 
implies that some structural action is being regarded.
The use of compressive strength for determining the adequacy of a 
particular mix should, however, be considered in terms of the more 
relevant properties of elastic modulus and tensile behaviour, since 
these have a direct influence on the performance of cemented layers 
under both traffic and non-traffic associated stresses. Williams 
(1972) produced a comprehensive survey of the properties of lean 
concrete, from which these parameters can be estimated.
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For example, for a typical 28 day cube strength of 15 MN/m2, it would 
be expected that a flexural strength of about 1.7 MN/m and an 
electrodynamic elastic modulus of 31 GN/m2 would be obtained. 
Interestingly, Williams (1972) drew attention to the influence of 
particle size in cement-stabilised material such that, for a given 
flexural strength, a range of modulus values apply depending on the 
nature of the stabilised material. Thus, the washed concreting 
aggregate of lean concrete gives the highest elastic modulus and, at 
the other extreme, fine grained or plastic soil produces the lowest 
values. In the same paper, Williams showed that the real differences 
between the materials in terms of compressive strength were minor, 
when account was taken of the different testing philosophies, so that 
it is apparent that the performance criterion should be chosen with 
care.
An earlier paper (Williams, 1962) suggests that an aggregate/cement 
ratio of 19 would be required in order to meet the nominal 15 MN/m2 
target cube strength. Inasmuch as previous specifications tended 
to promote an aggregate/cement ratio of about 18, it seems that 
current thinking is not greatly removed from the practice defined 
in the earlier documents, and that the maximum strength of 20 MN/m2 
is introduced as a means of avoiding excessively strong bases. A 
laboratory study in 1968 (Williams & Patankar) reported 28 day cube 
strengths of 19.5 MN/m2 for lean concrete with an aggregate/cement 
ratio of 17.5» whilst more recently (Galloway & Harding, 1976;
Kolias & Williams, 1978) strengths exceeding 20 MN/m2 have been 
obtained for 18/l lean concrete. This tendency towards higher 
strengths for a given mix, which might be attributable to improve­
ments both in cement performance and in specimen making, suggests 
that the current specification may lead to the use of leaner mixes 
than was the case with previous requirements. Although the effect 
of the latest modification to the strength criterion will not become 
apparent for some time, it is felt that the use of less than 5% 
cement should be avoided since there is an increased likelihood of 
local distress caused by non-uniform cement distribution, a fact 
acknowledged by the guidance note (DTp, 1976b). Consequently, it 
seems that the introduction of the maximum strength limit could be 
somewhat conflicting.
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The properties which principally influence the early-life behaviour 
of cemented road materials during the initial curing period are 
shrinkage and thermal response, and each leads to stresses due to 
differential or restrained dimensional changes. These causes of 
'primary' base-cracking are not examined in this investigation and 
only a brief indication of their magnitude is given.
Shrinkage, and associated expansion, is essentially due to moisture 
movement within the cement gel fraction. The effect of aggregate 
type is relatively minor since most aggregates are not subject to 
volume change with variation of moisture content, although aggregate 
restraint to shrinkage of the cement may lead to second order 
differences. Linear shrinkage of normal dense concrete has been 
shown to be mainly within the range of 400 to 900 x 10 over the 
period of 200 days (Gamble & Parrott, 1978; Brooks & Neville, 1978), 
after which time little further change is evident. Values of about 
200 x 10“6 have been obtained for coarse grained cement-stabilised 
materials (Nakayama & Handy, 1964; MaraLs, 197-3) which are apparently 
similar to values measured on lean concrete (Taylor, 1977). It 
follows that wet-lean concrete, with intermediate contents of cement 
and water, would give shrinkages that are between those for lean 
concrete and for normal concrete. No values for wet-lean concrete 
have been found in the literature, however, and further work to 
establish appropriate shrinkage data is required. It is noted that 
shrinkage is unlikely to account for cracking at very early ages in 
cemented roadbases in the United Kingdom in view of the curing 
procedure adopted, although this is likely to give rise to increased 
width of cracks subsequently.
Thermal movements of cemented roadbases, on the other hand, are 
thought to be a major cause of primary cracking (Williams, 1978).
In contrast to shrinkage, the thermal volume changes are immediately 
transmitted to the base and these have been shown to give stresses 
of an appreciable magnitude compared with traffic-associated stresses. 
(Lister, 1972b). In this case, aggregate characteristics have a 
considerable influence on the response of cemented materials and
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values of thermal coefficients are generally between those of the 
aggregate alone and of neat cement paste (Neville, 1977). Never­
theless, it has been found (Taylor, 1977) that linear coefficients 
of expansion for lean concrete are similar to those for normal 
dense concrete for a given aggregate and are typically within the 
range 6 to 14 x 10“ /^°C, suggesting that values applicable to wet- 
lean concrete would also be similar.
Thus, it is inferred that a wet-lean concrete base which is designed 
to give broadly similar strength properties to those of diy lean 
concrete should not differ in any marked extent during subsequent 
trafficking. The higher shrinkage anticipated would be expected to 
lead to greater opening of primary cracks, although this is not felt 
to be a major drawback but, clearly, the shrinkage characteristics 
require evaluation. The following Chapter presents details of the 
performance of lean concrete-type materials in order to establish 
the general behaviour in pavement situations.
3. PERFORMANCE OF LEM CONCRETES
This Chapter considers the general performance of both dry and wet 
lean concretes from mainly full-scale trials. In addition, data 
applicable to other types of cemented materials are included where 
this is considered relevant to the present discussion.
3.1 Introduction
Cement-stabilised materials are used extensively for road building 
in many developed countries with, generally, earliest widepsread 
usags initiating during the second world war. For example, over 
18 million square metres of soil-cement were laid in the United 
States through this period (HRB, 1961) whilst, by 1970, annual 
American use of cement-stabilisation was given as in excess of 
40 million square metres (Fohs & Kinter, 1970).
In common with British experience, a wide variety of materials have 
been cement-stabilised in other countries, usually based upon cheap 
readily available sources which, in many instances, are poor quality 
and consequently produce low grade cemented products. Nevertheless, 
the use of higher quality materials elsewhere is well documented and, 
although lean concrete as defined in UK practice appears unique to 
this country, attention will be drawn to the behaviour of other types 
of good quality stabilised materials where this aids the discussion.
As discussed earlier, the properties of lean concrete are more closely 
akin to normal concrete than to many stabilised materials and, 
consequently, some reference to normal concrete will also be included 
here. In contrast, poorer quality stabilised materials will not be 
considered in any detail since this investigation deals solely with 
lean concrete-type material.
3.2 Incidence of cracking
Cracking of cemented materials in roads can be attributed to two 
distinct causes. Primary, or non-traffic associated, cracks are due 
to environmentally induced volume changes leading to tensile stresses 
when restrained or differential movement occurs. Principal mechanisms
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are shrinkage and thermal effects which are relieved to some extent 
by creep. Cracking caused by applied traffic load is termed secondary, 
or traffic-associated with the inference that such cracks occur at a 
later stage in the life. This type of cracking is. essentially treated 
as a structural design problem, since induced stresses can be estimated 
with reasonable accuracy, and the initiation of secondary cracking 
constitutes a practical distress/failure condition of the layer. In 
contrast, the factors influencing primary cracking are interdependent 
and difficult to quantify so that predictions of their effect are 
limited in application.
There are, however, considerable data relevant to observed primary 
oracking of cemented bases which enable at least a qualitative 
assessment to be made.
Primary cracking of lean concrete bases has been widely reported to 
occur as fairly regularly spaced transverse cracks (Wright, 1963b;
1965; Brewer & Williams, 1968) which are 'more in keeping with the 
crack patterns■ associated with conventional concrete paving'
(Williams, 1978).
Crack spacings vary depending on construction details and environment 
for the material, and the range 2 to 15 metres probably covers most 
observed values (Lister, 1972b; Williams, 1976). Considerable 
variation is, in any case, found in a given section although a 
general idea can be obtained from the distribution of spacings. Thus 
Lister (1972b), for example, noted that the majority of transverse 
cracks visible in a section of road with a lean concrete roadbase, 
under 60 mm. of asphalt surfacing, were between 2.5 and 6.0 metres 
after 13 years trafficking. Crack spacings greater than 6.0 m were 
thought to be illusory and attributable to cracks not having penetrated 
the surfacing. Interestingly, the design method of Mitchell and 
Monismith (1977) assumes orack spacings of 6.1 m for treated granular 
material and 3»0 m when fine grained soil is stabilised. As is the 
case for lean concrete, primary cracking of these materials is antic­
ipated within the. first few days after construction although different 
factors are considered to be most important.
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The principal cause of primary cracking in lean concrete is thought 
to be due to thermal effects (Williams, 1973)» with only a relatively 
minor contribution from drying shrinkage, since the material consists 
of a high volume fraction of inert aggregate particles and very little 
cement gel. Lister (1972b) demonstrated that induced stresses in lean 
concrete bases under asphalt surfacing, assuming the most severe 
condition of practical temperature differentials, are of a considerable 
magnitude and can be as much as 30% of the stress induced by a heavy 
wheel load. In contrast, shrinkage is believed to be the main cause 
of early cracking of soil-cement in the United States (Wang & Mitchell, 
1971) and has consequently formed the basis for much research emphasis 
(Pretorius. & Monismith, 1971; .George, 1973; Cauley & Kennedy, 1973)* 
Whilst little significance has been attached to thermal effects for 
this material, it is interesting that Wang et al (1972) attributed 
cracking, which occurred in all soil-cement experimental sections of 
a test track at Rhode Island, to thermal stresses and cement hydration 
action. [Nevertheless,, the cause of primary cracking is not examined 
in this work and it is generally considered that such cracks are an 
inherent property of cemented road materials which does not usually 
give cause for concern (Brewer & Williams, 1968; Norling, 1973).
The current strength specification for lean concrete (DTp, 1976a) 
exemplifies this acceptance of environmental cracking as inevitable, 
with the purpose of providing material that forms fine interlocking 
cracks whilst maintaining a reasonable level of load carrying strength 
to resist secondary cracking.
3.3 Influence of mix strength on •performance
The performance of various lean concrete bases on the Whitchurch by­
pass was examined by Wright (1963a). Roadbase thickness was constant 
whilst mix cement contents and aggregate type were principal variables. 
The 203 mm base was laid on a similar thickness of crashed limestone 
sub-base and covered by 76 mm of surfacing. After three years 
trafficking, cracking was observed in all sections except those 
using the leanest mix (59 kg/m3 cement) but the least deformations
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were obtained with the richer mixes (up to 149 kg/m^ cement). It 
has been shown both from wave propagation tests (Jones, 1963) and 
from deflection studies (Lister, 1972a) that marked decreases in 
apparent stiffness of cemented bases are associated with base 
cracking, and it follows that the absence of cracking: for the 
leanest mix at Whitchurch is due to .the formation of fine frequent 
cracks. It is inferred that these cracks had not propagated through 
the surfacing at the time of the survey.
A similar effect is evident from an evaluation of more than 100 roads 
with cemented bases after 5 to 8 years trafficking (.Blake, 1966). 
Little or no cracking through the surfacing was observed for poorer 
quality cement-stabilised bases compared with that obtained for some 
lean concretes. In addition, fewer cracks were reported for lean 
concrete made with limestone aggregate, , presumably because of the 
lower coefficient of thermal expansion. Performance from more 
heavily trafficked sections, at Alconbury Hill, sensibly shows that 
lean concrete is superior to soil-cement (Thompson et al, 1972), 
although it should be added that the soil-cement used was particularly 
poor and did not, in any case, comply with specified strength limits 
(Croney & Loe, 1965).
The effect of strength on performance was a primary factor examined 
in a Californian survey of 175 pavements having cement-treated bases, 
each of which had been subjected to at least 5 million applications 
of wheel-loads greater than 22 kN. Barksdale (1977) drew attention 
to the results from this survey (Zube & Gates, 1969) which showed that 
insufficient cement content, attributable in part to mixing procedure, 
was an important cause of early failure. It was further noted that 
increased base strength did not significantly increase the incidence 
of longitudinal or transverse cracking but did reduce block cracking, 
and that a minimum compressive strength of 3«45 MN/m2 generally gave 
satisfactory performance. These observations are in keeping with 
those for lean concrete in this country, and demonstrate general 
similarities in behaviour regarding cracking characteristics.
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The importance of mix strength .upon resistance to secondary cracks. 
is considered to he further emphasised by the performance of paving 
quality concrete slabs at Alconbury Hill after 20 years (Nowak, 1979)? 
since this material essentially represents a Higher strength lean 
concrete. In this case, it was found that the use of very high 
strength mixes gave distinct performance advantages compared with 
-that of.-normal strength slabs. Since elastic modulus differences 
between lean concrete and conventional concrete are far smaller than 
associated strength differences, it might therefore be argued that 
higher strength lean concretes should be encouraged. At present, 
this is clearly not the intent of the current specification (DTp, 1976a).
3.4 Influence of thickness on -performance
In addition to mix properties, thickness of cemented layers is a 
principal factor regarding performance* as emphasised by Jones (1963), 
who noted that weak or thin bases gave marked reductions in stiffness 
with trafficking.
The effect of lean concrete thickness was examined at Aloonbury Hill 
in both concrete and flexible construction. After ten years trafficking 
of the rigid sections, equivalent to 3*9 million standard axles (m.s.a), 
marginally better performance was observed for slabs on 75 nun of lean 
concrete than for those on 230 nun (Nowak, 1968a)* The poorer behaviour 
of the thicker sub-base was attributed to the increased restraining 
effect which it provided against thermal movement of the overlying 
slab. Strain measurement from these sections (Potocki, 1969)* however, 
gives a more specific comparison of load carrying capability. Induced 
tensile strains in the 200 mm reinforced paving slab under a 70 kN 
wheel load were negligible (less than 5 micro strain) with a 230 mm 
lean concrete sub-base, over a ten year period, and somewhat higher 
(up to 13 microstrain) for the 75 mm sub-base. Interestingly, a 
marked increase of measured strains for the slabs on the thinner sub­
base was observed at an age of eighteen months, from 5 to 12 x 10"^ , 
suggesting an initiation of cracking. Although these strains showed 
no tendency to increase with subsequent service, it must be inferred
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that some form of structural deterioration of the lean concrete had 
occurred. For comparison, the tensile strains induced in similar 
slabs overlying granular sub-bases were considerably higher, being 
within the range of 17 to 28 microstrain, showing that the effective 
stiffness of the 75 nnn lean concrete sub-base remained greater 
nonetheless.
Thompson et al (1972) reviewed the behaviour of the flexible sections 
of the Alconbury Hill experiment after twelve years trafficking and 
showed that, under 100 mm asphalt surfacing, the 230 mm lean concrete 
bases gave an estimated life of 16 m.s.a. A marked disparity in 
performance for 150 mm lean concrete bases under 100 mm of asphalt 
was observed, however, with the section on a subgrade of CBR 3% 
only giving a life of 2.7 m.s.a. In contrast, a life of 10 m.s.a 
was estimated for a similar construction on a subgrade of CBR 6.5% 
which highlights the importance of sub-base/subgrade support for 
these materials. Thompson et al (1972) also drew attention to the 
effect of surfacing thickness on performance, with a reduction in 
surfacing leading to a marked decrease in life-expectancy although, 
compared with the other base materials, lean concrete was relatively 
insensitive to surfacing quality.
It was inferred that base temperature gradients, which are particularly 
high under thin surfacings, have a distinct influence on performance. 
This was supported by Lister (1972b) who showed that surfacings up to - 
40 mm in thickness increase the temperature at the top of the base 
above that which would be recorded, on the unsurfaced slab, with 
surface blackening giving the worst effect. Thermal stresses for 
thin surfacings were estimated to be as much as 30% of the stress 
induced by a heavy wheel load.
3.5 Wet-lean concrete
Compared with the widespread and generally successful usage of lean 
concrete (Brewer & Williams, 1968; Williams, 1976b), there has been 
little evidence of pavement construction using wet-lean concrete.
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Possibly the earliest reported use was during the construction of 
Heathrow airport (Graham & Martin, 1945)? where wetting-up of lean 
concrete used for certain sub-base constructions was required in 
order to give a satisfactory finish. Thus, the water/cement ratio 
of approximately 0.6 was raised to about 1.0, with no other modifications 
to the 14.5/1 lean concrete, resulting in a mean 28 day cube strength 
of 12.5 MU/m^ 02) approximately half of that for the dry lean mix.
The first major trial of wet-lean concrete was undertaken on the 
Cromwell by-pass as part of an experiment primarily designed to 
evaluate the slip-form paving technique under British conditions 
(Barks & Maggs, 1967). During the course of the investigation it 
was decided to lay lean concrete by this method but, since it was 
not possible to compact the material satisfactorily by internal 
vibrators, mixes with both increased water and cement contents were 
tried.
Three mixes were designed to give similar specific properties to 
lean concrete, so that the leanest wet-lean mix had a similar 
cement content and the richest mix was to give similar strengths.
A moisture content of li% was found to give sufficient workability 
for slip-form placing and slump values from 25 mm to 38 mm were 
recorded. Moisture content of the dry lean concrete was 7%.
Cube strengths at 28 days were similar for the richest wet-lean 
concrete (aggregate/cement ratio 12) and the dry lean, being 
approximately 8.4 MN/m2, which meant that neither mix complied with 
the prevailing requirement for lean concrete (MoT, 1962) due to an 
error in the original mix design. Crack surveys prior to surfacing 
showed a greater incidence of transverse cracking in the wet-lean 
bases than for the dry lean concrete and it was observed that these 
cracks occurred rapidly within the first two weeks. Thereafter the 
cracking developed in a similar manner to that in the dry lean bases.
In addition, deflection beam data showed that the wet-lean bases were 
somewhat stiffer than comparable dry lean sections suggesting that 
the wet mixes are also more liable to cracking under traffic- 
associated stresses.
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Interestingly, Burks and Maggs (1967) reported that occasional bleeding 
occurred which led, in some instances, to erosion of the lower slab 
edge due to free water draining. This was attributed to the use of 
very clean materials during the trials and it was suggested that the 
introduction of a small quantity of inert fines would avoid this 
problem.
More recently, in the United States, slip-form pavers have been used 
to lay cement-treated bases (Spellman et al, 1972; Friberg & Pasko, 
1973; Ray & Lokken, 1975), and currently the term lean concrete, or 
econocrete, has been adopted (PCA, 1980) to describe mixes using 
essentially low quality aggregates with increased water and cement 
contents to enable placing by slip-foim paver.
Possibly the earliest use is that reported by Spellman et al (1972) 
in California, where slip-form paving of suitable cement-treated 
material was tried in order to achieve a better base surface finish. 
With increased water to give a slump of 50 mm, it was found that 
twice as much cement than normally required was necessary to meet 
the 7 Jay minimum compressive strength of 5.2 MN/m^. It was 
anticipated, however, that the extra material cost would be justified 
by the saving in railing and trimming operations.
Woodstram (1977) describes two further econocrete base trials, again 
in California, undertaken during 1973* La both cases, a comparison 
of this material with the normally used dry cement-treated material 
was made on the basis of sections laid by slip-form paver which was 
modified for the latter mix type. Moisture contents of the econocrete 
were within'the range 13 to 17%, compared with 8% for the cement- 
treated material, and the cement content was raised from 5% to 8.5% 
to maintain the same strength. For the first trial, near Monterey, 
the base performances were very similar, with no significant 
difference in terms of cracking and transient deflection prior to 
paving qih 72 hours, and the sections gave comparable core strengths
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after two years. For the second trial, near Los Angeles, air- 
entrainment: was additionally used in the otherwise similar econocrete, 
giving total voids content of 9 to 13%. Prior to paving, the bases 
were used as a*haul road by site traffic which resulted in extensive 
cracking of the cement-treated material but no cracking or other damage 
to the econocrete (Woodstrom, 1977). Deflection beam values of 0.61 mm 
and 0.30 mm respectively were recorded just before concreting.
It was concluded from these trials that a 15 mm reduction in base 
thickness could be effected using econocrete instead of cement- 
treated material. Together with the better finish and subsequent 
saving of paving concrete, econocrete was felt to give a distinct 
economic advantage even though using higher cement contents 
(Woodstrom, 1977).
Further details of econocrete. trials are given' in a,< current information 
leaflet issued, by the Portland Cement Association (1980). Various 
State highways departments have undertaken tests on such material, 
using a variety of aggregate types, with cement contents from 133 
to 222 kg/nr* and water contents sufficient to give slumps of 25 
to 50 mm. In general, air-entrainment was adopted to give, typically,
3 to 6.5% air contents and extensive use of water-reducing admixtures 
is reported. For example, initial mixes by the Georgia Department of 
Transportation, without additives, were harsh and unworkable with 
excessive bleeding whilst subsequent use of an air-entraining and 
water-reducing admixture produced cohesive workable mixes suitable 
for placing by conventional methods (PCA, 1980). Compressive strengths 
are related to water/cement ratio in the accepted manner for conven­
tional concrete although these mixes are, of course, typified by higher 
water/cement ratio than normal concrete primarily due to the far lower 
cement content. Typical 28 day values for compressive strength are 
within the range 5 to 15 MN/m2 for air-entrained mixes, with slightly 
higher values for non-air-entrained mixes.
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Walker (1978) reveals that similar techniques have been used in France 
where materials, having similar aggregate characteristics to lean 
concrete and, typically, 150 kg/m3 of cement and air-entrainment, 
have been laid under concrete motorway pavements using conventional 
means of compaction by internal vibration. According to Walker (1978), 
the normal compressive strength requirement is 9*8 MN/m2 at 28 days, 
although this is increased to 14*7 MN/m2 when early trafficking is 
needed.
3*6 Overall comment
The use of lean concrete in this country has become widespread since 
the 1950's, during which period it has become an established roadbase 
material due to its inherent stiffness and consequent load spreading 
capability. In common with other forms of cemented materials, 
environmental conditions lead to primary cracking which, whilst not 
particularly desirable, is accepted as a material characteristic that 
will not normally result in detrimental long-term performance under 
trafficking. Consequently, the prinicipal consideration in pavement 
design regarding the use of lean concrete is to ensure that sufficient 
layer thickness and material strength is adopted to resist secondary 
cracking, and it appears that current recommendations are generally 
adequate in this respect although the introduction of a maximum 
strength limit may not prove advantageous.
The increasing use in other countries of relatively low strength 
cemented materials, having workability suited to placing by slip-form 
paver, suggests that the same method could be economical in this 
country. It follows that 'wet* lean concrete, having broadly similar 
properties to normal lean concrete, is a material which could be of 
particular interest regarding this application.
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4. METHODS OF PAVEMENT DESIGN AND ANALYSIS
This Chapter presents a general appraisal of current pavement design 
methods and further considers the development of theoretical predictions 
for pavement analysis. Attention is drawn to the factors considered 
most relevant for design and specific comment is made where appropriate.
Tn particular, analytical methods suited to the experimental work 
undertaken here are identified.
4.1 Introduction
It must be stated at the outset that, at present, most design procedures 
are empirically based. During the past fifteen years or so, however, 
the limitations imposed by empiricism have become more widely considered 
particularly in view of increasing economic restraint. Factors such as 
unforeseen traffic growth and changing traffic patterns, and the need 
to use alternative materials in order to conserve traditional sources, 
have further contributed to a general reconsideration of the terms of 
reference for pavement design.
In principle, this development may be compared with the use of well- 
established analytical design techniques in other branches of engineering 
whereby idealised mathematical models enable sufficiently accurate 
predictions of physical behaviour to be made. The significant difference 
for pavement design, however, relates to the number of variable factors 
and degree of uncertainty involved in any meaningful representation.
Thus, many different aspects of the problem have been approached by 
numerous investigations leading to a wealth of data that should be 
incorporated in the analytical design model.
At this stage, considerable emphasis has been placed on simplified 
first-generation design methods which utilise many of the major 
implementable research findings (Brown et al, 1977; Mitchell &
Monismith, 1977; Walker et al, 1977; Stock, 1979). Although such 
methods are closely aligned with existing empirical procedures, in 
that direct comparisons are made for purposes of validation, it is 
evident that the transition to analytical methods of pavement design 
will be undertaken with a high degree of caution (ACMA, 1978).
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With the possible exception of limited procedures for concrete pavement 
design which make some use of Westergaards theoretical approach (1926), 
most pavement design procedures currently used are essentially empirical 
and follow broadly similar lines. Consequently, this discussion is 
primarily based upon the current British procedure, Road Note 29 
(DOE, 1970), which may be considered as a reasonably representative 
example. Details of the development of this method and the specific 
procedure are given elsewhere (Leigh & Croney, 1972; Croney, 1977). 
Design recommendations for both concrete and flexible pavements are 
included, whilst acceptable material types are defined separately 
(DTp, 1976a).
The two principal design parameters are, respectively, an assessment 
of the subgrade and an estimation of design loading. British practice 
is based upon the California Bearing Ratio (CBR) test for subgrade 
evaluation (BS 1377:1975)> adapted from the procedure originally 
developed for the California State Highways Department as a method 
for determining pavement design thicknesses. Methods used elsewhere 
include plate bearing, stabilometer and triaxial tests which similarly 
provide subgrade data appropriate to the particular design procedure.
Design loading is estimated from expected commercial vehicle* 
trafficking and axle-load frequency for the given class of road, and 
these data are represented by equivalent standard axle loads (8200 kg) 
using relative damaging factors derived from the AA.SH0 road test 
(Shook et al, 1963). The cumulative standard axle loading is calculated 
for the design period with the assumption of a mean annual growth rate 
on initial trafficking levels of typically 5%» and design lives of 
20 years for flexible pavements and 40 years for concrete pavements 
are suggested. The recognition given to the relative damaging powers 
of different axle loads and the flexibility regarding choice of design 
life are important advances over previous recommendations. Recent 
major amendments to damage factors applicable to British roads 
(DTp, 1978; TRRL, 1979) have, however, been made in the light of
4.2 Empirical based procedures
* Unladen weight 1500 kg or greater
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changing traffic patterns. In particular, a disturbing shift in 
axle-load spectra towards heavier axle loadings has led to virtually 
a threefold increase in damage factors for the most heavily trafficked 
sections over those in the current procedure, giving instances of 
premature failure (NCE, 1978; 1979) due to the dramatically reduced 
design-lives from those originally anticipated. This is a specific 
area in which a fully rational design method might provide a better 
basis for choice of pavement configuration since the implications 
of changes in trafficking demands would be more easily, and accurately, 
assessed.
Nevertheless, the British procedure provides greater flexibility 
in this respect than certain others where trafficking is more loosely 
defined suoh as, for example, medium or heavy. Furthermore, stage 
construction can be considered in the preliminary design calculations 
and, whilst suoh an approach is subject to considerable inherent 
uncertainty in the present economic climate, advantages of this 
method for flexible pavement design have been foreseen (Thrower &
Burt, 1969; ERL, 1970).
Sub-base thicknesses are governed by subgrade strength for concrete 
pavements and with an additional allowance for cumulative trafficking 
in flexible construction, showing the relative insensitivity of 
concrete road performance to subgrade conditions. Total construction 
depth is further influenced by subgrade properties in that a minimum 
overall thickness of 450 mm is required for frost-susceptible sub­
grades. Allowable pavement materials are, understandably, non-frost- 
susceptible. Thicknesses of other layers are influenced by trafficking 
levels and the procedure enables design up to 100 million standard 
axles to be undertaken. This value is, of necessity,, an extrapolation 
from actual performance observations and it is likely, for reasons 
mentioned earlier, that trafficking of some sections has exceeded 
this level. Clearly then, reservations regarding the initial extra­
polation must be compounded by this development which further emphasises 
the need for a sound theoretical basis for design.
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Details of other design methods are reviewed elsewhere (Ann Arbor, 1972; 
Croney, 1977; Monismith & Finn, 1977) but it is noted that, irrespective 
of the sophistication introduced for determining layer arrangements, 
the final design will only reflect previous satisfactory experience 
which in many oases will have been similarly extrapolated to meet 
present requirements.
Interestingly, West Germany has adopted one of the simplest design 
methods and which does not attempt to include every contributing 
factor, thereby recognising the inherent shortcomings of an empirical 
framework. In this case the subgrade, automatically treated with a 
frost protection layer, is brought to a minimum bearing capacity and 
then dismissed. The appropriate pavement configuration is then 
selected from a catalogue of acceptable standard designs on the 
basis of trafficking requirements. Whilst the designs will perhaps 
tend to be overly conservative, this approach has a distinct advantage 
in that the serviceability of particular comparable sections can be 
evaluated under many different conditions. The reduction in variables 
achieved by standardisation forms the basis for easier interpretation 
of observed performance, and means that a better understanding of 
fundamental in-service behaviour is obtained. This is clearer an 
important factor regarding the subsequent development of rational 
design methods.
Implied criteria of failure for empirical design procedures include 
permanent deformation (rutting) and cracking for flexible pavements, 
and cracking and stepping at joints for concrete roads. These factors 
relate to the overall performance of the pavement and are associated 
with a reduction in acceptable load-carrying ability. In this country, 
the use of transient deflection measurement has been developed to 
evaluate pavement condition (Kennedy & Lister, 1978), so that 
appropriate remedial measures can be taken at suitable intervals. 
Pavement assessment in the United States is made by the Present 
Serviceability Index (PSI), based on the concept derived from the 
AASHO road test, in which the physical distress indicators are related
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to subjective ratings of riding quality. Barksdale (1977) notes that 
there is evidence to suggest that the PSI is not necessarily related 
to structural material performance, and the fact that no unique 
relationship exists between pavement condition and the distress 
indicators used tends to verify this. Considerable research emphasis 
has been placed on defining fundamental material descriptors and 
failure criteria for use in analytical methods.
4*3 Theoretical based procedures
Since the beginning of this century, and parallel with the development 
of a modem road system, methods for analysing pavement structures 
have been developed. Initially these analyses were based on two tier 
systems, approximating to the concrete pavement configuration, as an 
extension of the work of Boussinesq (1885) which examined the response 
of ah elastic half-space under load.
Independently, Older (1924) and Goldbeck (1925) developed formulae 
for approximating stresses in pavement slabs, the best known being 
the 'comer formula' for estimating the maximum tensile stress induced 
by a point load on an unsupported oomer. The most far-reaching 
practical solutions for rigid pavement stresses were those derived 
by Westergaard in 1926, which he subsequently revised and extended 
over the next two decades (1933> 1947). A major large-scale test 
series (Teller & Sutherland, 1935; 1943) provided general validation 
for Westergaard's idealisation whilst identifying certain shortcomings, 
and modifications to the original work were suggested to better fit 
the observations. Many other experimentally-biased changes were sub­
sequently reported (eg Bradbury, 1938; Pickett & Ray, 1951) to account 
for more realistic subgrade conditions when warping, pumping and 
deformation occurred.
A more general approach to the two-layer problem, based on the general 
three-dimensional elastic layer case, was formulated by Burmister 
(1943). Expressions were derived for interfacial stresses and surface 
displacements, and example solutions for several 'practical' configurations
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were presented. This work originally met with a mixed reception 
(Discussion: Burmister, 1943)? the major criticism relating to the 
simplistic approach adopted for the general layered problem in order 
to enable practical interpretation of the main findings. The merit 
of Burmister* s approach, however, was generally recognised and the 
work was extended to the three-layer case (Burmister, 1945). The 
complexity of the problem and the absence of electronic comutational 
aids meant that the scope was necessarily limited, and this later 
paper presented a number of cumbersome formalae with no numerical 
solutions. Nevertheless, by this stage Burmister had established 
the groundwork and provided the bases for subsequent solutions of 
simple elastic layered configurations.
The following years produced a considerable number of such solutions, 
covering a range of variables applicable to the design of 2- and 
3-layer systems, presented in the form of tables and charts 
(eg Fox, 1948; Hank & Scrivner, 1948; Peattie, 1962).
During the 1960*s, electronic computational methods were applied to 
the elastic layer analysis to encompass greater numbers of layers, 
more flexibility in choice of material descriptors, off-axis 
solutions, multiple loading and so on. This tremendous advance in 
analytical power also provided the necessary tools for finite- 
difference and finite-element techniques of analysis, since these 
were tailor-made for electronic computers, requiring the solution 
of large numbers of simultaneous equations.
The latter method, being the most powerful and flexible, has 
developed rapidly as an alternative to the elastic layer analysis 
of pavement structures. Ostensibly, the finite-element method 
applied to pavement systems offers several advantages over the 
classical layer solution - horizontal and vertical boundaries are 
defined; material properties may be varied in the horizontal plane; 
the method is more readily suited to material characterisation other 
than linear elastic; discontinuities can be introduced. This 
sophistication, however,incurs a major penalty in terms of data
-  27 -
preparation and solution time. Very large numbers of suitable 
constitutive elements are generally required to describe a pavement 
structure to ensure, reasonable convergence and precision of solutions. 
Non-linear material characterisation requires incremental or iterative 
techniques and, by it's nature, the finite element method evaluates 
stresses and strains throughout the structure in contrast with values 
only for predefined critical regions, as is the case for elastic 
layer analysis.
The growth of these powerful methods of analysis during the i9601s 
and early 1970fs was prolific, and a considerable proportion of the 
literature provided validatory evidence for various approaches to the 
pavement design problem. The majority of the work was based on linear 
elastic material characterisation in which comparison with empirical 
responses was made (eg Nielsen, 1968; Dempwolff & Sommer, 1972;
Thrower et al, 1972; Huang & Wang, 1973)> generally showing satis­
factory agreement within the constraints of the available data.
Further means of assessing analytical tools involved comparing 
several methods (eg Duncan et al, 1968; Pichumani, 1972; Finn et al 
1976) in order to identify the most efficient, since it was largely 
found that similarly-based techniques, if properly executed, gave 
comparable results.
It was soon recognised that the principal shortcomings of these, 
analytical methods was the scarcity of meaningful material descriptors 
(Bonnot, 1972; Brown & Pell, 1972) and, in particular, criteria of 
failure applicable to pavement design. Consequently, more effort was 
applied to this aspect of the predictive process whilst additional 
work regarding non-linear characterisation in analysis was undertaken. 
The general acceptance of linear elastic theory for describing 
pavement response, within certain limits, is reflected by the recent 
comparisons of existing design recommendations and theoretical 
responses (Mitchell & Monismith, 1977; Brown et al, 1977). Both 
these papers are the result of many years research effort directed 
towards implementing rational design procedures using practical 
analytical methods, and it is interesting to note that linear elastic 
analysis has been adopted in each case as the most suitable method 
at this stage.
-  28 -
4.4 Summary of assumptions associated with the main
analytical methods
The general development of analytical techniques has been indicated 
and a summary of the main methods is given in Table 4.1. Specific 
details of these methods may be found in the references suggested 
in the following discussion, which only considers the applicability 
to the pavement design problem.
4.4*1 Westergaards method (1926, with further refinement as
noted earlier)
The method has, as shown previously, been found well suited to the 
particular problems of a rigid slab on a less stiff support. This 
is clearly not generally applicable to most road configurations in 
current practice but is considered suitable for the test arrangement 
adopted for this investigation. In addition, although not examined 
here, the analysis makes allowance for the conditions of edge and 
comer loading on slabs. Where cracks are formed in cemented layers 
with a high degree of aggregate interlock, however, the derived 
solutions are likely to underestimate the load-carrying ability.
4.4.2 Classical elastic layer analysis (see Love, 1927 for
general description)
Normal assumptions of ideally elastic behaviour are usually.made and, 
generally, layer interfaces are considered bonded so that no slip 
occurs since this more closely approaches actual conditions. In 
most instances, the system is subjected to stationary axially- 
symmetric surface loading, and multiple loads are considered by 
superposition. Governing differential compatability and equilibrium 
equations are solved to give results for prescribed points in terms 
of stresses, strains and displacements.
t
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Table 4.1
Summary of main methods of analysing1 pavement configurations
Method Material characterisation Geometric representation Motes
2 layer,
slab-on-foundation 
(Westergaard)
Slab: weightless, homogeneous, 
isotropic, elastic solid in 
equilibrium.
Subgrade: vertical elastic 
reactions only, proportional 
to the slab deflections.
Subgrade modulus (k) assumed 
constant
Slab: finite depth, 
infinite horizontal 
extent* .
Subgrade: infinite 
horizontal extent, 
continuous support.
Load: evenly distributed 
over circular or semi­
circular contact area.
* Except, when corner or . 
edge loadB considered
No deformation of the 
slab mid-plane,, planes 
normal to the mid-surface 
remain plane, vertical 
stresses in slab 
disregarded
Classical elastic 
layer
ill materials weightless, 
homogeneous, isotropic, 
elastic solids in 
equilibrium.
Properties usually defined by 
E and p
Overlying layers: finite 
depth, infinite 
horizontal extent
Bottommost layer:
Infinite depth, infinite 
horizontal extent.
Load: .generally evenly 
distributed over one or 
more circular contact 
areas. Sometimes also 
horizontal forces 
(braking, accelerating)
Surface layer free of 
normal and shear stresses 
beyond loaded regions.
At infinite depth 
stresses and displace­
ment zero.
Generally complete inter­
action at interfaces. 
Sometimes frictionless 
interface.
Finite element 
methods
Elements generally defined as 
(above) for elastic analysis.
Other material characteris­
ation (eg non-linear elastic, 
plastic, viscoelastic) 
accommodated by iterative or 
incremental procedures to 
modify material descriptors.
Elemental configuration 
defines layers,. finite 
depths and finite horiz­
ontal extent a. Boundary 
conditions specified as 
required. Load applied 
through appropriate 
nodal points.
Element properties may 
be individually assigned 
ie allows horizontal 
variation.
Generally interelement 
compatibility, although 
discontinuities may be 
introduced.
Attractive technique 
since there is ' - 
practically no config­
uration which cannot be 
represented, but solution 
becomes expensive
1
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The methods of solution are complex and it is in the solution 
procedures that ostensibly similar elastic layer analyses differ.
Judicious simplifying assumptions are incorporated in order to 
minimise computational effort for the integration procedures without 
significantly reducing precision although, clearly, the final 
solutions should be comparable for any given configuration. Apart 
from the elastic idealisations, the layer analysis is, in any case, 
geometrically idealised in that horizontal boundaries are infinite 
in extent. This is not necessarily significant when practical 
boundaries are distinctly remote from the loaded region in relation 
to layer depths and stiffnesses, but responses at comers or edges 
cannot be represented. In addition, material characterisation other 
than linear elastic is more difficult to implement than for finite 
element representation.
4.4*3 Finite-element analysis (see Zienkiewdcz, 1971; Gallagher, 1975, 
for general description)
The analysis requires the solution of large numbers of simultaneous 
equations which are based on the nodal load-deformation characteristics 
of all the elemental components. The solutions give gene rally good 
approximations to physical behaviour when the number of suitable 
elements, particularly in critical regions, fs sufficiently large. 
However, whilst many techniques have been developed for increasing the 
efficiency of solution by making use of symmetry within the constitutive 
matrices, the introduction of features such as, for example, discontin­
uities or non-linear behaviour lead to marked increases in solution time. 
Consequently, unless the elastic layer representation is clearly 
inapplicable, finite element solutions may prove more expensive than 
this main alternative. A more recent development, boundary element -
analysis (see Brebbia, 1978), is claimed to give quicker and more
n&taccurate results than finite-elements but, as yet, does/appear to 
have been used for pavement analysis.
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Several main points regarding future pavement design requirements 
have emerged from the foregoing and are summarised as follows;
a) In many cases, empirically -based design procedures have 
been overtaken by the conditions applicable to the most 
heavily trafficked sections. For example, in Great 
Britain, traffic on certain high-density sections is 
now in excess of the Road Note 29 (extrapolated) design 
total of one hundred million standard axles. This is 
attributable to unforeseen changes in heayy commercial 
vehicle distribution and to the greatly increased 
damaging effect that the heaviest vehicles have been 
found to produce. Together with ever-tightening economic 
restraints necessitating the most efficient use of 
available materials it is apparent that empirical design 
procedures are, in general, inadequate,
b) Confidence has been established in various analytical 
methods for reproducing stresses, strains and displace­
ments within layered systems. Although most pavement 
materials are not linear elastic, current evidence suggests 
that, within the uncertainties of design procedures, this 
method of analysis using suitable material descriptors 
enables a reasonable quantitative first approximation of 
pavement response to be made.
c) Meaningful material behaviour descriptors applicable to 
practical stress states are prerequisites of any analytical 
approach in order to describe the inter-relationship of 
stress and defoimation and to define the mode of failure.
4*5 General discussion
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At present there are a number of well-established analytical tools 
which are applicable to pavement design. Barksdale and Hicks (1973) 
give a summary of several methods (which include linear eleastic, 
non-linear elastic and viscoelastic materials characterisation) that 
are available. In particular, the University of Berkeley provides 
several different idealisations using other than linear elastic 
behaviour, whilst the Federal Highway Administration and the National 
Co-operative Research Program have each developed methods based on 
elastic behaviour, designated the TESYS I3M and PDMAP codes respectively 
These are both sub-systems for asphalt concrete pavement design packages 
and utilise data from the AASHO road test to define distress modes in 
terms of cracking, rutting and Present Serviceability Index.
General elastic layer analyses include those of both the Shell and 
Chevron oil companies (Peutz et al, 1968; Warren & Dieckmann, 1963) 
and the Transport and Road Research Laboratory (Thrower, 1968, 1971).
Since the Jxd International Ann Arbor conference (1972), considerable 
emphasis has been placed on the development of mechanistic design 
procedures for pavements. Although the results of the TERLs exam­
ination of a ’first generation* structural design method based on 
elastic analysis (TRRL , 1973) Lave not yet been reported, several 
major contributions have been made in this direction (Brown et al,
1977; Walker et al, 1977? Stock, 1979). In particular, the work at 
Nottingham has been recently implemented in the design of a full- 
scale experimental section of the Hasland by-pass in Derbyshire 
(Brown, 1980). The 180 m trial length, consisting essentially of 
a stiffer than normal dense bitumen macadam on good quality granular 
sub-base, is a more economical construction than the alternative 
suggested by Road Note 29. The use of an analytical design method 
has led to a theoretically better balanced structure and comprehensive 
monitoring of both the trial section and the conventional pavement 
section is being undertaken in order to asses the performance. The 
success or otherwise of this project will be an important factor 
regarding the general acceptance of analytical based pavement design 
in this country but, clearly, this single trial should not -be an 
isolated example.
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It is felt that the evolution of largely theoretical pavement 
design models, in which the stress analysis is a sub-system, will 
provide grounds for improved practical design procedures and this 
view is clearly advocated by those workers closely associated with 
long-term pavement design prospects (Monismith & Finn, 1977;
Walker et al, 1977; Pell et al, 1978). It is of paramount import­
ance that suitable material input data are available in order to 
fully utilise current developments. In line with present evidence, 
therefore, the work undertaken here regarding the behaviour of wet- 
lean concrete in a pavement-type situation will be principally assessed 
in terms of elastic analysis.
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5*1 Introduction
The derivation of meaningful material descriptors is an essential 
prerequisite of any pavement design method, and it is desirable to 
determine these properties under conditions similar to those 
encountered in practice. The principal aim of this investigation 
was therefore to identify the parameters governing the performance 
of wet-lean concrete in a large scale simulative pavement config­
uration when subjected to static loading. Wet-lean concrete was 
studied in this instance because of the widespread and relatively 
successful use of lean concrete compacted by rolling and, looking 
to the future, by the increasing availability of slip-form pavers 
which require more workable mixes.
Static loading was adopted because of the preliminary nature of the 
investigation, leaving the development of dynamic or tracking loading 
for future work, after a basic understanding had been acquired of 
the correlation between slab performance and the results of simple 
laboratory tests.
The work reported may be considered in two parts, the first being 
concerned with large-scale testing of the material at 7 days together 
with associated tests on control specimens, and the second being an 
extension of the control tests to provide more comprehensive materials 
data over a 28 day period.
5.2 Large scale testing
Test variables examined in the large-scale slab tests were slab depth, 
mix preportions and subgrade support with two values selected in each 
case. The slab size was chosen to give an effectively infinite 
horizontal extent, in order to comply with this widely adopted 
theoretical assumption, and both the slab and the load footprint 
dimensions were kept constant during the investigations. An attempt
5. SCOPE OF THE INVESTIGATION
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was made to provide comprehensive instrumentation so as to measure 
strain on the upper and lower surfaces, deflection of the top surface, 
vertical stress at the slab/subgrade interface and temperature 
throughout the depth of the slab.
A comparison of the test data with values predicted from theoretical 
considerations enabled the test configuration to be assessed in order 
to obtain an indication of the parameters governing performance.
5.3 Laboratory-scale testing
Simple tests were undertaken for the strength and elastic properties 
of the two wet-lean concrete mixes examined. Particular emphasis was 
placed on determining the tensile behaviour, since this is of primary 
importance in pavement systems, and instrumented flexural and uniaxial 
tension tests were conducted to give the stress-strain characteristics. 
These data provided a fundamental basis for the subsequent interpretation 
of test slab behayour. Tests were undertaken at ages of 2, 7 and- 
28 days in the extension to the work in order to augment the 7 day 
results obtained during the slab testing programme. This aspect of 
the study prompted a literature review to supplement and extend the 
results from this investigation in order to develop data for use in 
pavement design at various ages in the life of the material.
Descriptions of the tests and the test methods are given in the following 
Chapters of the thesis, and the results and findings are discussed in 
detail.
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This Chapter describes the laboratory investigation and includes details 
regarding the choice of test method, materials used, instrumentation 
and test preparation.
6.1 General
The test programme was developed to investigate the behaviour of wet-lean 
concrete in a simulated roadbase situation, where the material was 
provided with continuous vertical support and loaded statically to 
failure. Instrumentation consisted of strain measurement on both the 
top and the bottom surfaces of the test slab, deflection measurement 
for the top surface, pressure measurement between slab and support, 
and limited temperature measurement within the slab.
Tests were conducted at 7 days on both the slab specimen and associated 
laboratory control specimens, the results of which were used to compare 
observed behaviour with predicted response in order to determine the 
criteria of failure.
6.1.1 Choice of mix
In order to obtain data of direct relevance to highway pavements 
it was decided at the outset of the investigation to use a practical
wet-lean concrete mix rather than a micro-concrete. It was felt
that the savings in time and space resulting from the use of scaled- 
down mixes would not offset the difficulties incurred in the inter­
pretation of results (Whiffin, 1956; Zia et al, 1970). Consequently, 
a maximum aggregate size of 20 mm was oho sen which gave, by convention,
a minimum linear dimension of 80 mm for the slab specimen. Workability
was selected to allow compaction by immersion vibration, thus broadly 
simulating placing by slip-form paver.
6.1.2 Interpretation of results
An effectively infinite horizontal dimension was required because of 
the normal simplifying assumptions used in the analyses available.
The literature indicated that a minimum depth/width ratio of 30 would
6. DETAILS OF THE EXPERIMENTAL STUDY
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be acceptable, governed by the relative stiffness values of the slab 
and the underlying support. At this stage, the actual subgrade 
support had not been chosen but it was anticipated that the support 
would simulate a poor subgrade, with a GBR value of 1 to 2%.
A circular test slab was adopted so that analytical interpretation 
would be facilitated due to axisymmetry although, it was noted that, 
the plan shape of a horizontally infinite slab should have no influence 
on its behaviour.
6.1.3 Mixing and placing capability
The largest mixer available in the laboratory was a Liner Cumflow 
forced action pan-type, with an output capacity of approximately 
.045 m3 or about 110 kg of concrete. It was anticipated that 
emplacement would be undertaken by a single operator due to the 
restricted working space and the number of gauges to be cast-in.
In consequence, it was considered that placing of the concrete would 
primarily govern the time of slab manufacture, which would be independent 
of mixer size so that the use of a larger mixer would provide no 
advantage. Further consideration was given to the number of operators 
placing and compacting, but it was felt that time savings would be 
outweighed by the increased likelihood of instrumentation displacement.
The choice of specimen size was therefore principally influenced by the 
time required for manufacture and Table 6.1 gives various slab con­
figurations showing the estimated numbers of concrete batches and 
approximate placing time. A turn-around of fifteen minutes per batch 
was assumed in the estimation and it was felt that the total manufacture 
time, from mixing the first batch to placing the final batch, should 
not exceed four hours in order to minimise problems due to marked 
stiffening of early batches.
The first test specimen constructed (test A) was 3.0 m diameter and 
100 mm deep. Four technical staff produced the concrete and trans­
ported it from the mixing area to the test area by barrow. Batching
Table 6.1
Batch requirements for various slab dimensions
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Depth
(mm)
Slab
diameter
(m)
Volume
(m?)
No of ! 
batches
Estimated 
casting time 
(min)
75 2.5 1 0.3 68 9 ' 135
5.0 ! 0.530 12 180
3.5 0.722 17 255
100 3.0 0.707 . 16 240
3.5 0.962 22 330
4.0 1.257 28 420
and mixing were a continuous process, with control specimens being 
made at the mixer prior to discharging the mix. Occasional slump 
tests were taken, although visual assessment showed that the batches 
were suitably consistent. Placing and compaction within the formwork 
were undertaken by the candidate, whilst final tamping and floating 
of the slab was undertaken by all available operatives.
The overall time to produce the first slab was 255 minutes and curing 
was effected under polyethylene sheet. The method of manufacture 
appeared to be satisfactory and inspection of the slab upon breaking- 
out showed that the concrete was extremely sound.
Subsequent slabs, for reasons discussed later, were to a reduced 
depth of 75 mm and involved about three hours for completion.
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6.2.1 Concrete mix details
Table 6.2 gives details of the two wet-lean concretes studied, both as 
proportions by weight and as estimated unit weights. The mixes had 
nominal aggregate/cement ratios of 12 and 18, but in subsequent dis­
cussion they will be referred to by cement content per cubic metre 
in line with current practice. The leaner mix is therefore denoted 
116 and the richer mix as 168. Ordinary Portland cement was used 
throughout, and the chemical composition and physical properties are 
given in Table 6.3. Batch 1 was used for the large-scale slab tests 
and associated control specimens whilst the later additional small- 
scale tests used batch 2. The Table shows that there is little 
difference between batches and no account of cement batch is taken 
in this work.
Aggregates were Thames Yalley irregular gravels and sand, and these 
materials were oven-dried prior to use. Typical absorption values 
are given in Table 6.4. The sand complied with zone 3 grading limits 
(BS 882:1973).
In the fresh state, the mixes were cohesive and appeared outwardly 
similar to richer concretes, and gave slump values in the range 
5 to 25 mm. Effective enrichening of the lean mixes was achieved by 
the inclusion of limestone dust, at 5% of the total weight of 
aggregate, to provide pore-filling action. This enhancement of the 
fresh properties enabled conventional means of concrete placing to 
be used and minimised the likelihood of segregation. An evaluation 
of the effect of limestone dust in these mixes is given later.
6.2.2 Choice of subgrade material
The subgrade was required to provide continuous support and to 
simulate a poor quality underlayer for the test slabs. Previous 
investigations into the behaviour of layered systems have widely 
adopted support conditions using a natural soil (Mitchell et al,
1974; Wang & Mitchell, 1971; Bush, 1969). It has been generally 
found, however, that uniform compaction is difficult and, in any 
case, ensuing moisture changes lead to variation in support.
6.2 Materials
Table 6.2 
Concrete mix details
a) Proportions by weight of cement
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Nominal aggregate/cement' ratio
12 si ■* 18:1 j
Cement 1.00 • 1.00
Water Total 0 ^ 1.35
Free 0.80 1.06 |
20 - 10 mm 4.80 7.20
Aggregate 10 - 5 mm 2.40 3.60
Sand
(passing 5 mm) 4.20 6.30
Limestone dust 0.60 0.90
b) Proportions by unit weight* (kg/m^ )
Nominal aggregate/cement ratio
12:1 18:1
Cement 168 116
Water Total 166 1^6
Free 135 125
20 - 10 mm 805 835
Aggregate 10 - 5 mm 405 415 !
Sand
(passing 5 mm) 705 730
Limestone dust 100 105
* Weights required to produce 1 m^ of concrete
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Table 6.5 
Cement composition and properties
Chemical analysis Batch 1 Batch 2
Si02 19.9 20.2
I.R 0.98 0.33
AI2O3 6.7 7.2
le203 2.2 2.2
Mn2°3 0.04 0.04
p2°s 0.17 0.16
0.29 0.33
CaO 64.O 64.1
MgO 1.3 1.3
SO3 2.8 2.7
L.O.I 0.9 0.8
k2o 0.53 0.61
Na20 0.18 0.19
L.S.F 95 93
L.C.F 94 92
S/A + F 2.2 2.2
a/f 3.0 3.3
Free lime 0.9 1 .1
Batch 1
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Table 6.5 - Continued
25.3
170
195
310
3.12
20.5
30.9
42.2
Table 6.4 
Typical aggregate absorption values
Total absorption* 20 - 10 mm 1.2%
10 - 5 mm 3»6%
5 mm 1.8%
Oven-dried aggregate assumed to contain 0.24% 
from atmospheric moisture absorption
BS 12 Physical test results
Setting times
Water (%)
Initial (min)
Final (min)
Fineness
Specific surface (m2/kg) 
Specific gravity
Compressive strength (N/mm2)
3 days 
7 days 
28 days
Batch 2
24.5
125
160
348
3.12
20.1
31.5
40.1
* Yalues given by weight of oven-dry aggregate
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Rubber or rubber-type material has been used for support layers with 
considerable success in a number of small-scale investigations, notably 
by the American Corps of Engineers (Carlton & Behrmann, 1956) and the 
Portland Cement Association (Larsen & Nussbaum, 1967) using cemented 
materials, and by several researchers using bituminous materials 
(van Dijk, 1975; Ramsamooj et al, 1972). Particular advantages of 
these support materials are that the properties are not usually 
subject to variation during test, and the deformational character- 
isticis are readily quantifiable.
It was consequently decided to adopt an artificial support-condition 
using a parous closed-cell natural rubber to simulate a poor subgrade. 
This type of material has a lower value of Poisson’s ratio than solid 
rubber, and is therefore more in keeping with practical pavement 
subgrades.
Preliminary comparative tests were undertaken on several types and 
grades of commercially available sheet material using the laboratory 
CBR apparatus (BS 1377*1975). Figure 6.1 gives the results from this 
comparison and it is seen that, when differences in layer thickness 
are accounted for, there is very little difference between these 
materials in terms of resistance to deformation. Furthermore, the 
tests show that a thickness of approximately 20 mm would ensure that 
vertical stresses at the slab/subgrade interface in the test configur­
ation would be comparable with those observed in full-scale experiments 
(Thrower et al, 1973; Galloway, 1965). Maximum values of vertical 
stress and deflection anticipated were approximately 60 kN/m2 and 2 mm 
respectively.
Material type NS 5038 was subsequently used for this work as it was 
most cost-effective, and further evaluation of the elastic modulus 
and Poisson's ratio was undertaken.
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Figure 6.1 Properties of support rubber
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6.2.3 Properties of the subgrade material
The elastic material properties were measured in direct tension using 
an Instron 1126 universal testing machine. Specimens, nominally 25 mm
wide and 9*5 mm in thickness, were held directly in the tensile grips
at a gauge length of between 400 and 500 mm. Longitudinal extension 
and load were recorded on the integral chart recorder. Longitudinal 
strains were, however, based on differential movement of datum lines 
marked on the specimens remote from the jaws, in order to exclude 
multiaxial stress effects at the grips. Lateral contraction was 
measured over the central regions of the specimen using a vernier 
screw micrometer accurate to .01 mm. Direct tensile stresses of up 
to 150 kN/m2 were applied, resulting in longitudinal and lateral 
strains of some 0.3 and 0.1 respectively. Load was applied in
increments of 5 N at a crosshead speed of 10 mm/min, each test
taking approximately twenty minutes. Negligible creep relaxation 
was noted over the test duration, although the major part of the 
stress-strain response exhibited slight curvilinearity. Modulus 
was estimated arbitrarily at a stress of 50 kN/m on a secant basis, 
on an essentially linear portion of the stress-strain curve.
The mean elastic modulus of 0.47 MN/m2 from six samples, with a 
range from 0.44 to 0.49 MN/m2, is in good agreement with the value 
of 0.45 MN/m2 estimated in compression from the GBR test. Poisson's 
ratio was determined as 0.31 from the tensile tests.
Subsequent reference to the subgrade material will omit the terms 
olosed-cell natural such that it will be termed rubber or rubber 
subgrade. Table 6.5 gives the manufacturers specification for the 
material.
6.3 Instrumentation
Comprehensive monitoring of the test slab was facilitated by the use 
of various transducer types which were output through a mini-computer 
controlled data-logging system so that behavioural information was 
stored in digital form within the computer. Subsequent data processing 
was undertaken either manually from computer print-out or by using the 
graph plotting facilities of a main-frame computer.
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Table 6.5 
Specification for subgrade rubber
Manufacturer
Type
Designation 
Colour 
Mean density 
Chemical properties
Cow Industrial Polymers Ltd 
Sorbo Works 
Woking •
Surrey
Closed-cell expanded natural rubber
US 5038 
Grey
190 - 220 kg/m5
Acidity
Alkalinity
Chlorides
Sulphates
Nil
<0.03% 
< 0.1% 
0.2%
Other properties Water absorption < 5% 
Medium - hard
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Table 6.6 
Summary of instrumentation
Parameter Gauge type Manufacturer or 
supplier
Manufacturers
designation
‘ Notes
Slab surface 
strains
Electrical resistance 
strain gauge (ERSG)
Techni-Maasure Ltd 
High Wycombe,
Bucks
PL-60 Polyester backed 
wire strain gauge. 
Length 60 mm,
Gauge factor 2.1
Slab - underside 
strains
ERSG As above PML-60 As above, but 
mounted between 
resin wafers as a 
carrier block
Surface
deflections
Linear variable 
differential j 
transformer 
(LVED)
Sangamo-We ston 
Controls Ltd 
North Berated 
Bognor Begis 
Sussex, P022 9BS
Pencil type DC/DC 
gauge, range -  5 mm, 
centre zero.
Infinite resolution 
staplesb transducers
Slab/subgrade 
vertical stress
Diaphragm 
pressure cell
University of 
Nottingham 
Dept of Civil 
Engineering
Strain-gauged 
diaphragm responds 
to changes in 
normal stress
Temperature Thermocouple Copper-
constantan
Temperature 
differential between 
junctions of dis­
similar metals 
generatese.m.f
Load Load-cell W L Mayes Ltd
Windsor
Berkshire
10 ton 
capacity
Strain-gauged 
core responds to 
load changes
Data-logging Mini-computer
Peripheral 
logging deviceer 
and basic software
Texas Instruments Ltd
Sands-Whiteley 
Eesearch &■ Development 
Cambridge Hoad 
Boyston 
Herts
960A 1 No 50 channel 
logger f6r all- 
transducer types
1 No 20 channel 
logger for LVDT
Maximum 3can rate 
10 channels/second
r
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Prior to discussing the instrumentation in more detail, a summary 
of the main elements is given in Table 6.6. It should be noted that, 
in addition to the devices shown, separate units were used for 
monitoring rate of deformation and for displaying load. These were 
essentially purpose built units requiring calibration to user needs.
6.3.1 Strain measurement
The gauges described in Table 6.6 were used in Wheatstone half-bridge 
configuration, with individual dummy gauges. The conventional 
polyester-backed gauges were mounted on the exposed slab surfaces 
in the normal manner adopted for concrete. The technique requires 
that the porous surface is firstly sealed with a thin precoat of 
suitable adhesive (type PS), after wire-brushing and smoothing if 
necessary, upon which the gauge is bonded.
The resin block-mounted gauges were designed specifically for embed­
ment in concrete, and the exterior of the blocks wert5 already coated 
with sand particles in order to promote bond. Since such gauges had 
not been previously used at Surrey, it was necessary to obtain per­
formance verification data.
Three similar tests were undertaken in flexural loading using the 
168 mix. A cast-in gauge was located longitudinally in the bottom 
of a standard beam specimen (100 x 100 x 500 mm), and normal ERS 
gauges were bonded to the top and bottom surfaces. Load was applied 
to failure and strains were recorded incrementally. The location of 
the cast-in gauge was measured after beam failure in order to allow 
comparison with the strain recorded from the surface gauges. A 
typical load/strain curve is shown in Figure 6,2, showing also the 
neutral-axis position and both the measured and estimated strains 
for the cast-in guage.
Load(kN) 5-25 kN
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a) Load /  strain response
Figure 6.2 Strain gauge comparison
Neutral axis 
distance from top
*46-7 (mm)
■4*1 
-48-2 
.48-4 
- 48*5 
-48*8 
.48-5 
<48*4 
• 50-0
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Tensile strain MO"*)
- r ———   > .........  *......... *.............. i  i.... > I —
20 30 40 5  0  60 70 80 90
Surface gauge
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The main findings from this short trial are summarised as follows:
a). The cast-in gauges functioned satisfactorily in the 168 mix, 
with observed strains differing by less than 5% from those 
indicated by surface gauges.
b) Partial debonding of the carrier blocks occurred in all 
three cases as noted from retrieval of the broken beam 
halves. Debonding was not evident from the strain response 
to failure, however, and is-therefore considered to have 
taken place after fracture, when the failed beam halves 
dropped from the support rollers.
c) Gauge positioning, using adhesive insulating tape over each 
end of the carrier block stuck directly to the steel beam 
mould, proved satisfactozy and provided lateral and vertical 
restraint. Longitudinal restraint was less good, due to 
the poor adhesion of the insulating tape to the gauge block, 
but this was not thought to be a particular problem regarding 
the large-scale testing. Furthermore, it was felt that the 
lack of positive contact between block and tape would enable 
a better bond to be made with the concrete matrix.
It is noted that similar gauges were used successfully in a large- 
scale investigation into soil-cement pavements in France (de Boissoudy 
and Mucci, 1971), and the experience from the investigation undertaken 
here supports their use in concrete.
6.3.2 Deflection measurement
Each LYDT was calibrated individually against a micrometer screw 
gauge to register 1 Y/mm, so that a resolution of .001 mm (l mY) 
was attained. It is noted that greater sensitivity could have been 
achieved (typically .0001 mm/mV for strain measurement) but this was 
considered unnecessary for- deflection purposes. Maximum central 
deflections were anticipated to be about 2 mm.
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Single-bolt pinch blocks were designed to rigidly attach the trans­
ducers to magnetic clamp stands (Baty or Eclipse), so that the LVDT's 
could be positioned by the clamp adjusters. Deflections were monitored 
from a steel datum bridge, designed for this investigation, having a 
olear span of six metres to ensure that disruptive local deformations 
would not be transmitted to the datum. The datum frame essentially 
consisted of a rolled steel joist supported at each end by channel 
section A-frames, with all connections bolted. Clear height was 
adjustable between 0.1 m and 1.0 m, but was kept at 0.4 ni throughout 
the investigation since this was the minimum height to position the 
transducers satisfactorily. The steps taken to ensure reliability 
of the deflection measurements were as follows:
a) The deflection bridge was positioned symmetrically at 
right-angles„to the line of the load frame, passing 
as near as practical to the slab centre.
b) Sway tendency was reduced by bracing the frame supports 
outwards under the self-weight.
o) Gauges were bedded by sharp vertical displacement of
the support joist to ensure datum repeatability.
d) Movements in the test area were kept to a minimum during
testing.
6.3.3 Pressure measurement
Measurement of vertical stress at the slab/subgrade interface was 
undertaken to provide comprehensive performance data for the test 
configuration. Findings from various investigations (Thrower et al, 
1973? Galloway, 1965? Morris and Galloway, 1968) suggested that maximum 
vertical stresses within the range of 20 to 50 kN/m2 are generally 
induced beneath oemented layers on subgrade. Typically, tests at 
the Transport and Road Research Laboratoiy (Thrower et al, 1973)
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on a plain concrete slab of 152.4 mm depth, overlying a clay subgrade 
of GBR 2%, gave a stress of about 40 kN/m2 with the maximum recorded 
load of 88.7 kN. Additionally these tests showed that vertical stresses 
were similar at depths of 73 mm and 243 mm, which is thought to reflect 
the negligible deformational resistance of the poor quality subgrade.
A maximum vertical stress of 60 kN/m2 was estimated for this investigation, 
based upon these reported findings and upon the expected slab response 
(Westergaard, 1926), which is well within the range of stresses that 
are associated with available soil pressure transducers. Brown (1974) 
presents a comprehensive review of the main types, these generally 
being designed for embedment in granular subgrades.
The titanium cell developed at Nottingham University was adopted 
for this investigation, since these were well proven in a number 
of investigations at Nottingham (Brown & Pell, 1967? Brown, 1971;
Brown & Bush, 1972) and it' appeared (.Brodrick, 1975) that they would 
be suited to the aims of this work. Figure 6,3 shows the configuration 
of the pressure cell in which the compact design is evident. Since 
the thickness of subgrade material was small, the gauges were cast 
into the concrete slab with the sensing diaphragm flush with the 
slab underside and in contact with the subgrade. The physical 
dimensions of these cells were therefore an important consideration.
The gauges were supplied with calibration curves, from tests under­
taken in pressurised fluid-filled oells, giving the sensitivity 
under hydrostatic loading. Calibration checks were undertaken on 
eaoh gauge using a dead load system in a configuration similar to 
the experimental one. The cell was placed diaphragm downwards on 
the subgrade material and loaded via a concrete spreader block, 
using weights. Applied pressure and gauge output were recorded 
for various supply voltages, and a typical response is shown in 
Figure 6.4. Pressures of up to 100 kN/m2 were applied and it was 
found that no significant difference was obtained between these tests 
and the supplied calibration results. The test values are given in 
Table 6.7.
Figure 6.3 Pressure cell configuration
50-
40
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10-
Change of reading 
(pV)
Cell 4 
3*5 V de* 
0-52 (pV/V)/(kNtf)
Cell 2 3 -5 V dc
0-49 (pV /VJ/lkN /irF)
Cell 1 3-0 V dc
0-50 ( p V /V ) / ( kN/tn2)
r
30
ApPlJ ed pressure ( kN/m2") 
4 0
Figure 6.4 Typical calibration results
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Table 6.7
Comparison of pressure cell calibration values
Pressure
cell
Supplied values 
pV/v/( lb/in^ ) rV/Y/( kN/m2 )
Measured
values
Sensitivity on 6 V dc 
(supplied values)
^V/(kN/m2)
1 3.28 0.48 0.50 2.85
2 5.37 0.49 0.49 2.93
5 3.53 0.51 0.50 3.07
i  4 3.58 0.52 0.52 3.12
5 3.43 0.50 0.50 2.98
6 3.53 0.51 0.52 3.07
Notes:
l) Agreement between sensitivity measured and the supplied 
calibration values is satisfactoiy
2) Pressure cel3.s used with 6 V dc supply and response taken 
as 3 MV/(kN/m2) for each. Assumed error < 5%
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During the subsequent testing programme, all gauges were energised 
with six volts d.o, and the output sensitivity assumed in each case
isation is considered justified for convenience, since it was felt 
that inadvertent confusion might arise with either slightly differing 
gauge supply voltages or differing specific sensitivity.
Pressure oells were oast into the slab on top of the polyethylene 
membrane separating the slab and subgrade rubber. Positioning was 
effected using masking tape round the cell perimeter to seal it to 
the membrane. In so doing, it was anticipated that a satisfactory 
plane grot*'t-free contact with the subgrade rubber would be achieved. 
Pressure cell cables were laid under the polyethylene membrane to 
avoid embedment. Considerable effort was taken to ensure that the 
cells, as well as cast-in strain gauges, were distributed evenly 
about the load-axis so that maximum diffusion was obtained to reduce 
possible areas of weakness in the slab.
6.3*4 Temperature measurement
Copper/constantan thermocouples were cast into the top and bottom 
surfaces of the test slab, about one metre from the load axis.
Initial calibration of the devices was referred to the cold junction 
at 0 °C (melting ice), giving the electrical response per degree 
Celsius temperature change. Subsequent temperature measurement was 
referred to water at ambient temperature, because it was not practical 
to maintain a melting ice reference for the duration of testing. 
Potential differences were recorded directly by the data logger and 
subsequently adjusted to give temperature differences manually. 
Readings were undertaken three times daily, from day two to day 
seven after casting, at four hour intervals.
The minimal error introduced by this general-
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The observations from the first three slabs showed that, under 
these test conditions, the temperature difference between top and 
bottom was never greater than 2 °C and no apparent cyclical variation 
was noted. The temperatures did not, in fact, differ significantly 
from the ambient laboratory temperature with all values being between 
17 and 21 °C. Associated underslab strains showed no distinct pattern, 
giving seemingly random daily fluctuations of typically 5 micro strain, 
and did not markedly differ in overall response between initial and 
final readings. Consequently, temperature measurement was abandoned 
for later tests since no procedural changes were introduced which 
would affect slab temperatures. However, whilst this was admissible 
for loading tests undertaken within the laboratory, it would not be 
acceptable for slabs exposed to direct sunlight since the temperature 
variations, and hence the induced stresses, would be an important 
consideration.
6.3.5 Data ac qui sit ion
Data acquisition was undertaken using a mini-computer controlled 
system, as described in Table 6.6, whereby all commands were defined 
in the supportive software. Considerable modifications were made to 
the machine-coded control routines supplied, in order to allow greater 
flexibility of data processing and, in particular, to give data 
output on punched tape in a form compatible with the University ICL 
1905F.
The principal logging system consisted of a satellite unit having 
fifty input channels for d.c signals and twenty inputs for LYDTs.
High-stability amplifiers with a maximum gain of 1000 were used 
for strain gauges, and supply voltages were furnished by in-built 
power packs. Half- and full-bridge circuits were used for ERS 
gauges and pressure/load cells respectively, and the maximum scan 
rate of ten channels per second was adopted throughout so that 
each data scan took about five seconds.
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Some difficulties were encountered initially with the system during 
proving tests, hut these were resolved prior to the testing programme. 
To reduce the likelihood of irretrievable data loss the raw machine 
data were unloaded onto paper tape immediately upon completion of 
each slab test, so that, in the event of subsequent computer 
malfunction, a permanent compatible record of these data was 
available. Subsequent manipulation and output of the data on 
teletype print-out and punched tape was then undertaken.
6.4 Specimen preparation and test methods
6.4*1 Large scale specimens
Initial preparation entailed laying the subgrade rubber, which was 
butted and taped at the edges for lateral stability, on top of which 
the pressure cells were placed in approximate position. A single 
layer of heavy duty polyethylene membrane was subsequently laid, 
through which the pressure oells were introduced to give the minimum 
amount of cable for embedment in the test slabs. Sheet steel 
shuttering of 4 mm thickness was used for the main form, connected 
to give the required perimeter distance, which was fixed by a timber 
over-frame. The timber form gave sixteen points of radial contact 
with the steel to ensure dimensional accuracy, and the total mass of 
the formwork provided a leak-proof seal between the steel and the 
subgrade support.
When the mould had been erected and positioned relative to the 
reaction frame, the pressure cells and cast-in strain gauges were 
located and fixed. These transducers were immediately connected 
to the data-logger for a function check and to avoid subsequent 
confusion.
After casting, the procedure for which was given earlier, the slab 
was left to cure for four days so that final preparation for testing 
commenced on day five. This entailed positioning and fixing strain 
gauges and deflection transducers on the top surface, together with
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associated setting-up and function checks, and positioning of the 
loading assembly. The load footprint used throughout this 
investigation was a 150 mm diameter steel billet, of thickness 
25 mm, which was bedded on a layer of adhesive to give even load 
distribution. Load was transmitted via a load cell and steel ballv 
joint from a manually operated hydraulic ram. The general config­
uration of the testing arrangement is shown in Plate 6.1 from which 
the relative dimensions of the reaction frame are apparent. The 
frame was designed to be stiff compared with the test specimens 
and no attempt was made to monitor movement of the reaction frame.
Load was applied manually at a nominally constant rate of axial 
movement, corresponding to 0.15 mm per minute central deflection, 
giving an anticipated duration of 10 to 15 minutes for a complete 
load cycle to failure. Data were recorded frequently during loading 
so that a comprehensive analysis of behaviour could be reliably 
undertaken. The general performance of the test system was felt 
to be satisfactory.
6.4.2 Laboratory-scale specimens
Materials properties were obtained from standard tests for cube 
strength, prism strength, flexural tension strength, cylinder 
splitting strength and electrodynamic modulus of elasticity.
These tests were conducted in accordance with the relevant British 
Standard(BS 1881:1970) encompassing manufacture, curing and test 
procedures. In addition the uniaxial tensile strength was measured 
and, since there is no British Standard test,the technique adopted 
at Surrey was based on the work of Johnston and Sidwell (1968), 
utilising a standard 100 x 100 x 500 mm beam specimen but with a 
waisted central cross-section having dimensions of 80 x 100 mm.
Load was applied axially using universal-jointed lazy-fong scissor 
grips with serrated jaws, which grip the full end sections of the 
specimen through uniform contact on the opposite faces. Load was 
applied at a stress rate of 0.15 MN/m2, using an Avery 50 tonne 
universal testing machine,, and failure was without exception induced 
within the central cross-section remote from biaxial stress effects
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Plate 6.1 General view of test arrangement
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at the grips. This general method of uniaxial tensile test has 
been used at Surrey for several years with consistent and satis­
factory results (Edgington, 1973; Kolias & Williams, 1979)*
A number of tests undertaken to measure the tensile stress-
strain characteristics of the material. Strains on the tensile 
and compressive faces of beam specimens were monitored, whilst 
strains on two opposite faces of direct tensile specimens were 
recorded. LVDT's were invariably used on uniaxial tension specimens 
and were mounted in fixing blocks adhered to the. concrete surface by 
suitable adhesive, with the signals input to an X-Y-Y plotter.
Thus, the load-strain response was recorded continuously during the 
test. In contrast, no facility for outputting strain gauge signals 
to the plotter was available and early flexural tests used incremental 
data scans to transmit strain values to the data-logging system. Later 
flexural tests, including all the supplementary materials tests, 
used LVDT's for strain measurement which were'output to the graph plotter 
giving continuous load-strain characteristics.
6.4*3 Strain measurements on the test slab
In general, measurements of strain are undertaken in regions of 
uniform strain so that the deformations transmitted to the gauge 
are similarly invariant.. Consequently, strains at any point are 
equal along the gauge position and, assuming adequate bond, the 
measured strain should represent the true strain of that region.
This situation is in marked contrast with that for regions having 
pronounced strain gradients such as, for instance, in the circular 
slab configuration. Disregarding the vertical strain gradient 
through the depth analogous with that induced in simple beam 
bending, it is noted that both the radial and the tangential 
strains vary with radial position. The axisymmetry of the con­
figuration simplifies the situation to some extent since, for 
circumferential positions, the strains are independent of position
9 . . 5 •although, as will be discussed, this is still not ideal.
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a) Radial strains
In order to measure the radial strain distribution, the 
gauge is aligned along a radius with the centre at the 
nominal gauge position. The heterogeneous nature of 
concrete necessitates the use of relatively long gauges, 
to preclude local strain variation effects, giving a 
mean material deformation parameter. In this case, there 
is considerable variation in strain with radius, particularly 
in the principal deflection basin. It is noted that the 
underside radial strain distribution gives a maximum 
tensile value on the load axis, decreasing to give a 
strain reversal at 300 to 400 mm from the axis. Maximum 
compressive strain is observed about 500 mm from the slab 
centre with a subsequent decrease in strain with increased 
in radius. Although the maximum compressive strain is 
less than the maximum tensile strain, the overall'strain 
distribution is such that marked non-linear strain gradients 
exist. This is most clearly demonstrated in the regions 
of maximum strain, where strain decreases from the maximum 
value with both an increase and a decrease in radius. A 
strain gauge situated on, or near, these maxima will there­
fore be subject to this strain distribution over its length, 
with the net result that the recorded strain for the nominal 
gauge position (taken at the gauge centre) will underestimate 
the actual strain. Where the strain gradient is essentially 
linear, it is considered that the net recorded strain will 
be equal to the actual strain for the nominal gauge position. 
With the exception of the maximum strain positions, it is 
assumed that the strain gradients are basically linear 
thus introducing negligible error between actual and 
observed strain.
It is further noted, however, that the strain gradients 
within the central influence basin are extremely large, 
with the consequence that strain gauge positioning is 
critical since a small radial displacement leads to a
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marked change in observed strain. lA/hilst every effort 
was made to ensure accurate positioning prior to casting, 
the possibility of inadvertent longitudinal gauge dis­
placement during casting cannot be excluded, with a resultant 
source of observation error.
b) Tangential strains
The tangential strain distribution is such that the 
difficulties of measuring these strains are less than 
is the case for redial strains. The strain gradient is 
lower since the tangential underside strains remain 
effectively tensile, and there is less likelihood of 
redial displacement of the strain gauge because, as 
noted earlier, lateral restraint is greater than 
longitudinal restraint.
The largest source of measurement error is consequently 
due to the lineal gauge configuration since, ideally, the 
strain gauge should conform to an arc with the particular 
radius for which measurements are required. This is clearly 
impractical but it means that the use of lineal gauges to 
measure tangential strains will lead to an underestimation 
of the true strain. Negligible errors will be introduced 
for large redial positions and it is felt that the practical 
implications regarding measurements undertaken here are 
not a major source of error.
In summary, the difficulties of strain interpretation for the test 
slabs and possible error sources have been discussed. No attempt 
has been made to allow for inherent strain differences because these 
are, in general, less than five micro strain within the elastic loading 
range, and it is not thought justifiable to attach this degree of 
notional accuracy to values which will be more greatly affected by 
other possible error sources.
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Subsequent discussion regarding the test slab strain distributions 
therefore considers only observed strains but, where appropriate, 
attention is drawn to specific causes of abnormal response* It is 
noted that examination of the failed slabs showed that the cast-in 
gauges were all within 5 nun of the underside so that vertical 
displacement can be effectively disregarded* Furthermore, it is 
pointed out that considerable attention is paid to individual 
gauge responses and these are less influenced by the constraints 
mentioned earlier.
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7. PRESENTATION AND DISCUSSION OF RESULTS:. WET LEAN CONCRETE
PROPERTIES
7.1 General
This chapter presents details of the properties determined for the 
wet-lean concrete mixes used in the large-scale test programme.
Concrete mix details and test methods are given in Chapter 6.
The slab tests, and consequently the initial laboratory control tests, 
were undertaken at an age of 7 days. This is the period of curing after 
which site traffic will normally be permitted onto the roadbase, and 
represents a critical stage regarding susceptibility to structural or 
secondazy (Williams, 1978) cracking for these materials.
In addition, a second laboratory test series was undezrfcaken at a later 
stage in the investigation to detezmine the effects of age on the concrete
properties, thus supplementing and extending the seven day data. Test
ages for the supplementary programme were 2 days, 7 days and 28 days, 
but the 2 day tests for the weaker mix wez?e ultimately abandoned because 
of difficulties of demoulding and handling the specimens. The material 
was subsequently left to cure for three or four days prior to demoulding, 
and only 7 <iay and 28 day tests were performed.
The ohoice of age at test was influenced by the likelihood of cracking of
cement-treated roadbases, with 2 days being especially relevant to 
restrained dimensional changes which lead to •primary* cracking 
(Williams, 1978) and 7 days relating to * secondary® cracking under 
site tz?affic, as discussed in Chapter 3* The 28 day results reflect 
properties under in-service conditions and, combined with the earlier 
ages, enables a reasonable estimation of pz?operties at greater ages to 
be made.
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Before discussing the properties obtained for the wet-lean mixes, it 
should be noted that certain differences exist between the slab test 
series and the supplementary test series*
7.2 Strength and elastic■ -properties of the wet-lean mixes
These are summarised in the following Table.
Table 7.1 
Summary of mix conditions
Series Cement
content
(kg/m3)
Test Aggregate 
presoaking
Cement
batch*
Comments
Slab
168
168
A
B1
Yes
No
93
93
Full aggregate absorption 
likely for test A, but 
incomplete absorption for
test 168 B2 No 93 other slab tests.
series 168
116
333
C o 
o 93
93
Slab A therefore likely 
to have lowest free water 
content whilst Bl, B2,
116 D No 93 B3, C and I) will be 
higher and also more 
variable.
Supplementary 168 Yes 101 Full aggregate absorption
test series 116 Yes 101 likely (c.f A above), but change of cement batoh 
will also influence the 
comparison
* NB. Cement details given in Chapter 6 for batch numbers 93 and 101, 
designated 1 and 2 respectively.
It should be noted that only test A in the slab test series used presoaking 
of the aggregate prior to mixing. Pre soaking in this manner entailed 
batching all materials the day before mixing, to enable the aggregates 
to approach full absorption. Problems of materials storage were en­
countered because of the scale of the casting operation, however, and 
presoaking was not considered feasible on subsequent slab tests.
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The supplementary tests used presoaked aggregate, as was the case for 
Test A but, because they were conducted at a later stage, did not use 
the same batch of cement. The differences in chemical composition and 
compressive strengths (BS 12:1958) between the two batches were given 
in Chapter 6. Compressive strengths at 7 days are 30.9 MN/m2 and
31.5 MN/m2 with this small difference favouring the supplementary test 
series. It is felt however that, for practical purposes, the two cement 
batches can be considered equivalent and can therefore be discounted in 
the following discussion.
7.2.1 Slab test series: 168 kg/m3 cement content mix
Table 7.2 a) presents the average 7 day properties determined from this 
slab test series. Tests A, Bl, B2 and B3 represent the richer mix, in 
each case using the same batch proportions, but it is clear that 
there are considerable differences between their properties.
a) Strength results
There is a distinct trend in the magnitude of observed properties 
which is shown most clearly by the oube strength. Test A has the 
highest value (19*5 MN/m2) followed in descending order by tests 
Bl, B3 and B2 (17.7, 15.9 a^iJ- 13*5 MN/m2 respectively). This 
pattern is reflected by flexural strengths, ranging from 2.41 MN/m^ 
to 2.12 MN/m2, and indicated by cylinder splitting strengths although 
no results were obtained for test A. The uniaxial tensile strength 
of test Bl shown in Table 7*2 is the average of two results, one of 
which was extremely low being only O.36 MN/m2. This specimen did 
not appear, and should not have been, different from the others 
and the result was therefore included. It is felt, however, that 
it would be unrealisitc to allow such an obviously unrepresentative 
value to influence the discussion since the remaining uniaxial 
tension results follow the trend of the cube results.
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b) Modulus re suits
The dynamic modulus results in Table 7.2 a) show less variation 
than the strength values, and do not follow the pattern observed 
from the strengths. In this case the values fall into pairs 
showing fairly close agreement, such that tests A and Bl give 
38.0 GN/m^ and 37*5 GN/m2 respectively, and tests B2 and B3 
have values of 35*1 GN/m2 and 34• 7 GN/m2. These pairings tend 
to follow the densities, with tests A and Bl having slightly 
higher densities than tests B2 and B3. Although test A has 
the highest value of elastic modulus, the order of tests B2 and 
B3 are reversed when compared with the pattern for strengths.
The elastic modulus of concrete is dependent primarily on the 
modulus and volume fraction of the aggregate, in contrast to 
strength which is largely dependent upon free water/cement 
ratio. In this case the comparatively high volume fraction of 
high modulus aggregate tends to reduce variability compared to 
that of strength, and it is felt that there is no practical" 
difference between tests A and Bl or between tests B2 and B3 
in terms of elastic modulus.
o) Influence of batching procedure
The difference in batching procedure noted earlier is felt to be 
the major reason for the observed variation of results for 
nominally equivalent mixes, caused by different free water 
contents being obtained prior to setting. The revised procedure, 
however, was essential for the reasons given earlier.
For test A it is probable that a high degree of aggregate absorption 
was reached, thus giving a reduced free water content and in consequence 
giving the highest strengths. For the B series it is unlikely that any 
of the batches had sufficient time to achieve full aggregate absorption, 
and it is probable that the degrees of absorption attained would differ 
in eaoh case, being influenced by many factors including time for 
stiffening and agitation during mixing and compaction.
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Changes in mix free water content will altar the workability and, J.n 
practice, workability checks are the primary method of monitoring mix 
quality control. During the slab casting periods a limited number of 
workability tests \ms performed, between one and three tests being 
undertakeh on the thirteen or more batches used in casting each slab.
These were insufficient to identify overall differences between test 
slabs, and it was found that a certain variation occurred between 
batches tested from a given slab. This between-batch variation was 
confirmed by visual assessment, although it should be noted that all 
batches appeared satisfactory for placement. Typically, values of slump 
were 5 to 25 mm, and V.B. times varied between 10 and 15 seconds.
In addition to being related to free water content, the workability is 
also influenced by grading of the aggregate. It is felt that during 
this investigation, because of the substantial quantities of materials 
involved, there is every likelihood that changes of aggregate grading 
occurred both between slab tests and also during the manufacture of a 
slab. Such changes would undoubtedly affect workability and also have 
a secondary effect upon strength, and it is felt that this factor has 
influenced the results. In addition, changes in the absorption of 
the aggregate particles would have a direct effect on both workability 
and strength.
7.2.2 Slab test series: 116 kg/m^ cement content mix
The 7 day properties of the 116 mix are shown in Table 7.2 a), represented 
by tests C and D. It is evident that the reduced cement content consid­
erably influences the properties, with the effect being more, pronounced 
for strength than for modulus. Also, the two sets of results are in 
better agreement than was the case for the 168 mixes, this agreement 
being particularly good for dynamic elastic modulus, cube strength and 
uniaxial tensile strength.
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The overall agreement between tests C and D indicates that the free water/ 
cement ratio values were close, implying that the degree of aggregate 
absorption attained was similar for each mix.
The observed properties are therefore judged to be representative of the 
116 mix used in this investigation. Spread of results and limits on 
reliability of observed data will be discussed subsequently.
7.2.3 Supplementary test series
The mean 7 Jay properties of both mixes, obtained in the supplementary 
test series, are shown in Table 7.2 b). These results are based generally 
on four individual measurements of each property, and it is considered 
useful to examine the scatter of results.
For clarity the standard deviations and coefficients of variation were 
not included in Table 7.2, but axe presented separately in Table 7.3 
below. It should be noted that the values shown are those obtained 
after the Bessel correction has been applied (Mbroney, 1962).
Table 7.3
Statistical .evaluation of results from 
the supplementary test series
Property Mix cement content (kg/m.3)
168 116
Standard
deviation
Coefficient of 
variation (%)
Standard
deviation
Coefficient of 
variation (%)
Electrodynamic 
modulus
Tensile modulus
0.52 GN/m2 
3.92 GN/m2
1.3
11.2
1.28 GN/m2 
7.66 GN/m2
3.8
31.9
Cube strength 1.19 MN/m2 5.6 • 1.20 MN/m2 11.1
Flexural strength
Cylinder splitting 
strength
Uniaxial tensile 
strength
0.11 MN/m2 
0.06 MN/m2
0.10 MN/m2
4.0 
3.5
5.1
0.11 MN/m2 
0.11 MN/m2
0.15 MN/m2
7.6
11.2
14.2
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The results presented in Table 7.3 allow the following comments to be 
made.
i) In general, the standard deviations of the 168 mix are rather
lower than those of the 116 mix. This is contrary to estab­
lished behaviour (DOE, 1975) and suggests that the exceptionally 
lean mix may have been subject to some variability of cement 
distribution, since materials and procedures were otherwise 
similar. The differences in variability between the two
mixes for strength properties are, however, considered to be 
minor. In addition, it is felt that there is no practical 
difference between variability of any of the three tensile 
tests on the basis of these results, and all three methods 
suggest a typical standard deviation of 0.11 MN/m2.
ii) Marked differences of variability are apparent between
electrodynamic elastic modulus and tensile elastic modulus, 
with the tensile modulus having a considerably greater 
scatter. It is felt that the variability detected in this 
latter case is mainly attributable to the numerical 
interpretation of the stress-strain response. In support
of this view, it is submitted that a realistic resolution when
transcribing these data would be 2 microstrain which, for an
elastic range of some 20 micro strain, immediately introduces 
a 10% error. Nevertheless, it is felt that the average values 
of tensile modulus obtained during this investigation are 
realistic, although additional tests would strengthen these 
data.
The results shown in Table 7.3 indicate the overall reliability of the 
properties assessed during the supplementary test series and, with the 
exception of tensile modulus discussed above, these are in reasonable 
agreement with those reported by Kolias and Williams (1978) for dry 
lean concrete.
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7*2.4 Comparison of results from the two test series 
Table 7*4 below gives the mean properties determined during the two test 
series. In addition the results for mix A from the first series are 
shown separately for the following discussion.
a) 168 mixes
Table 7*4 shows a marked difference between the mean properties 
from the slab series and the supplementary series, undoubtedly 
due to the variations of the test slab series discussed earlier. 
Test A is ostensibly similar to the supplementary series and will 
therefore be used for comparison.
It is clear from Table 7*4 that the properties of the supplementary 
series are consistently higher, differing by 6% for electrodynamic 
elastic modulus, 9% for cube strength, 15% for flexural strength 
and 28% for uniaxial tensile strength. It is felt that the main 
reason for those differences must be attributable to a change in 
free water/cement ratio which, as previously noted, has a greaiter 
effect on strength than on elastic modulus. The mix proportions 
used in both test series were identical and it was shown earlier 
that the cement batches used in this two series were similar.
This would imply that aggregate properties have changed over 
the period between these test series. The results suggest that 
the supplementary series has a lower free water/cement ratio, 
which indicates that the aggregates used had a greater absorption 
than those for test A, although there may also have been minor 
differences in grading, in shape and in texture.
b) 116 mixes
Table 7*4 shows that agreement between both test series is good, 
with the slab series giving the highest value of each property 
except uniaxial tensile strength. Flexural strength shows the 
greatest variation, with a difference of 14% between series, but 
the overall olose agreement shows that the mixes are equivalent 
for practical purposes.
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Interestingly, these results do not indicate the effects that would 
he expected from the differences in the premixing procedure discussed 
earlier. It is felt that the agreement between these mixes, and the 
earlier agreement between slab tests G and D, suggest that the free 
water/cement ratios are similar. Thus it appears that full aggregate 
absorption was achieved in the 116 slab mixes even though presoaking 
was not used. It is possible that the leaner paste of the 116 mix, 
allied to the greater aggregate surface area, did not ooat the 
aggregate as efficiently as the paste in the 168 mix and therefore 
permitted more aggregate absorption to occur. Differences in the 
properties of the aggregates are also less likely to be significant 
since the period between the 116 slab series mixes and the 
supplementary tests was less.
7.2.5 Poisson’s ratio
Measurement of Poisson’s ratio was undertaken on a single specimen from 
each mix, as described in Chapter 6, at ages of 30 days and 28 days for 
the 116 mix and the 168 mix respectively. Longitudinal and lateral 
strains were monitored through several load cycles up to one third of 
the cube strength. Good agreement was found between strains each time, 
and both longitudinal and lateral load-strain responses were effectively 
linear. End-point strains were therefore used to determine the Poisson’s 
ratio which are given in Table 7*5 below
Table 7.5 
Poisson’s ratio of wet-lean concrete
Mix oement 
content 
(kg/m3)
Poisson’s
ratio
116 0.13 !
168 0.14
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These results are within the range of 0.1 to 0.2 applied to normal 
concrete, and are close to the value of 0.14 obtained by Kolias and 
Williams (1978) for dry lean concrete at 28 days.
It is felt that the 7 day values more appropriate to the slab tests 
are unlikely to be considerably different from the results given above, 
and that the observed values in Table 7*5 are therefore aoceptable in 
the analysis of the slab behaviour until more comprehensive tests are 
undertaken.
7.2.6 Influence of limestone dust
Earlier investigations into the properties of lean concrete showed that 
increased water contents, necessary for greater workability, led to 
expected reductions in strength and,in some cases, to segregation.
(Rctankar '& Williams, 1968; Lofthouse, 1971). The use of a filler 
material in these cases was proposed following both field trials 
(Barks & Maggs, 1967) and laboratory tests (Williams, 197<>o)> fu order 
to improve oohesiveness and generally enhance the fresh properties.
More recently, pulverised fuel ash has been incorporated into wet-lean 
mixes both here (Bunstan, 1979) and in the United States (FCA, 1980) with 
considerable success, whilst American practice has additionally used air-en- 
trainment.. It was decided at the outset of this investigation to incor­
porate a filler which, in this case, wa s oho sen as limestone dust.
A review of the pertinent literature (Williams & Patankar, 1968; Manser, 1969; 
Lofthouse, 1971; Kolias & Williams, 1978), against which the properties 
measured here were judged, did not suggest that the limestone filler has 
a significant influence upon strength and static properties. However 
Bunstan (1979) > using pulverised fuel ash, has reported a marked beneficial 
effect on the properties of very lean mixes, particularly at ages of three 
months and greater.
It is noted, therefore, that farther work in this direction is merited, 
perhaps on the lines of the electron microscope studies of the chemical 
activity of cement paste with pfa undertaken by Montgomery et al (1980).
-  76 -
7.2.7 Overall comment
Section 7.2 has presented the 7 day strength and elastic properties of 
the mixes used in this investigation, obtained from both the slab test 
series and the supplementary laboratory series. Reasonable agreement 
has been demonstrated where direct comparison is justified, and reasons 
have been suggested for differences observed.
The results of the supplementary tests are considered to give an 
indication of the potential properties of the mixes, where stringent 
control is applied, whilst the slab test mixes may be closer to the 
properties attainable in practice. It should be noted, of course, that 
for the 116 mixes there was no practical difference between the two 
series.
The data from the slab series applies specifically to the associated test 
slabs, and will therefore be used when a comparison between observed and 
predicted performance is made in Chapter 9* The effects of the property 
differences noted here on structural performance will be considered.
7.3 Tensile stress-strain response of wet-lean concrete
This section presents data regarding the tensile stress-strain behaviour 
of the two mixes used in this investigation. Strains were measured on 
uniaxial and on flexural tension specimens from the second test series 
at ages of 2 days, 7 days and 28 days. A few data were obtained from 
the first test series which, where comparison was justified, were largely 
in agreement with those from the second series. The following discussion 
is based on the results from the second test series.
7.3*1 Uniaxial tension tests
Figure 7.1 shows a typical load-deformation curve for uniaxial tension 
in which strains on two opposite faces are recorded. In general these 
deformations showed some divergence to failure, implying eccentricity of 
applied load and, consequently, slight bending. Typically, the differences 
between opposite faces, .at 90% of ultimate load, were 15 microstrain. The 
subsequent discussion.is based upon the stress-stain curves derived from 
these plots, in which strains are calculated from the mean observed ■’ 
deformation thereby effectively negating any bending effects.
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Figure7.1 Typical example of uniaxial tensile 
load/strain response
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There was considerable scatter of strain between nominally similar tests 
with ultimate strains naturally showing the greatest difference. The 
degree of scatter did not seem to be a function of the ultimate strain, 
and a typical range for both mixes would be J>0 microstrain at failure. 
This difference was smaller at reduced loads, with 10 micro strain being 
a typical difference at 90% ultimate load, and proportionately less 
at lower loads. This agreement was considered sufficient to justify 
using these strain data to determine the representative stress-strain 
curves shown in Figure 7*2, based on the average recorded strains and 
the. mean strengths of each mix.
The responses were observed to be basically linear over the initial 
portion until at some point departure from linearity occurred, with a 
disproportionate increase in strain followed shortly by failure.
Results from individual specimens showed that, for both mixes, departure 
from linearity occurred at between 50% and 75% of ultimate load, with no 
apparent dependence on age nor any clear difference between the two mixes 
The uniaxial stress-strain response may therefore be considered linear to 
at least 50% of ultimate load, with perhaps 60% or 65% being a typical 
value.
Table 7.6 gives the mean stresses and strains at both departure and 
ultimate loads. These represent the linear extent of the stress-strain 
response and the end-point conditions of the test respectively. It 
should be noted,.as stated earlier, that comparatively few tests were 
performed at 2 days because of the specimen handling problems encountered
a) Stresses and strains at departure
Table 7.6 shows that departure strains are higher for the 168 
mix at any given age than for the 116 mix. The general scatter 
of the data precludes a confident comparison in terms of a simple 
linear relationship, but it should be noted that the 7 and 28 day 
departure strains for the 116 mix are approximately 80% of the 
Values for the 168 mix.
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Figure7.2 Mean uniaxial tensile stress/strain 
responses
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Table 7.6
Stress and strain in uniaxial tension at. 
departure and at ultimate load
Cement
content
(kg/m3)
Age
(Bays)
Strain (
VO1orH Stress (MN/m^ ) Number 
of tests
Departure Ultimate Departure Ultimate
2 27(-)
53
(-)
.51
(-)
.85
(.05) 2/4* tests
168 7 34(9)
72
(15)
1.13
(.20)
1.90
(.10) 4 tests
28 52(1 1)
90
(19)
1.69
(.10)
2.29
(.07) 4 tests
2 11(-)
83
(-)
.12
(-)
.24
(-) 1 test
116 7 29(16)
69
(14)
.62
(.18)
1.05
(.15) 4/5* tests
28 41(6)
63
(7)
.96
(.12)
1.34
(.07) 5 tests
NB Figures in brackets indicate values of standard deviation 
* Lowest figure denotes strain readings
Strains at- departure for both mixes increase with age and, due to increased 
elastic modulus with age, this is sensibly reflected by the associated 
stresses.
Comparison of departure stresses at each age shows that, with the exception 
of the limited 2 day values, the 7 and 28 day values of the weaker mix are 
approximately 55% of the corresponding 168 results.
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b) Stresses and strains at failure
Ultimate stresses of both mixes increase with age as would be 
expected and, interestingly, follow a distinct linear trend but 
one which does not pass through the origin. With the exception 
of the single 2 day test for the 116 mix, mean ultimate stresses 
are based on at least four values so it is felt that this relation­
ship^  described by the equation below, should be noted.
fllg = 0.75 fl6a - 0.38 (7.1)
Where f]_]_£ and £]_6q are tee uniaxial tensile strengths in M/m2 
of the 116 mix and the 168 mix respectively, at a given age.
Table J.6 shows that ultimate strains of the 168 mix increase 
with age but, in contrast, those of the 116 mix show a decrease 
with age. The single test at .2 days on this latter mix is insuff­
icient in itself to be considered representative, but the 7 day 
and 28 day values are generally based on four individual results.
It is felt that the increased ductility observed with decreasing 
age for the leaner mix is an indication that the material is still 
relatively plastic at early ages, being in the transition phase 
between initiation of hydration and the formation of a strong 
brittle gel binder. It is suggested that this is due to the 
combined effects of low cement content and relatively high filler 
content, when compared to the 168 mix, with the filler possibly 
inhibiting the gel formation in the aggregate interstices. It 
should be noted that these effects have been reported for both 
compression (Byfors, 1978) and tension testing (Taylor 1977;
Byfors, 1 9 7 8 ) .  In particular, Byfors examines findings for a 
considerable range of concretes and shows that a minimum value of 
ultimate tensile strain, of about 40 micro strain, is obtained at 
a tensile strength of 0 .1  to 0 . 2  M/m2. The magnitude suggests 
that this minimum strain occurs at a very early age, and Byfors 
study indicates somewhere between 10 hours and 1 day for ordinary 
Portland cement.
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o) Relationship between departure and ultimate values of 
stress and of strain
The majority of departure stresses lie between 60% and 75% of
the ultimate stresses and/from these relatively limited data,
this appears unrelated to either age or mix type.
In contrast, no simple linear relationship exists between values 
of strain at departure load and ultimate load for either mix. It 
should be recalled, however, that the stress-strain curves had 
markedly different foma which, for the leaner mix, varied with 
age. Furthermore, there was considerable scatter of strain 
values consequently making such comparison of strains inherently 
imprecise.
d) Form of the stress-strain curve
It has been suggested that the stress-strain response of cemented 
materials under a given stress regime may follow a general form 
(.Popovics 1970; Otte, 1972), and it is felt that the results from 
this investigation should be examined in this way.
Figure 7*2 gave the mean ".uniaxial, tensile stress-strain curves 
for the mixes in this investigation and, in order to consider 
the general responses, these data are presented in Table 7.7 in a 
rationalised form. In this case, the ultimate stresses and strains 
are each arbitrarily given the value of unity and the rest of the 
stress-strain response is proportioned accordingly. For convenience, 
the rationalised strains are shown at various proportions of ultimate 
stress in the following Table.
Table 7.7
Rationalised uniaxial tensile stress-strain response
Mix cement 
content 
(kg/m?)
Age Rationalised strain at various stress levels
(days) Stre s s/strength
.25 .50 .75 .90 1.00
2 .06 .13 .28 .49 1.00
116 7 .16 .33 .51 .65 1.00
28 .21 *41 .62 .78 1.00
2 .19 .40 .60 .79 1.00
168 7 .19 .39 • 60 .76 1.00
28 .20 .40 .59 .74 1.00
Table 7.7 shows that the two mixes exhibit markedly different 
general forms. The 168 mix shows very close agreement for the 
ages considered, being particularly good up to 75% of the strength 
in each case. The relative strains show marked linearity up to 
this stress level as well. Results for the 116 mix are influenced 
by the ductility at early ages discussed previously, which is most 
clearly seen from the relative strains at 90% of the strength.
The 2 day value of 0.49 for this mix shows that 51% of the total 
strain capacity is associated with the final 10% stress increase 
to failure. This proportion of total strain is less at 7 days, 
and still further reduced by 28 days. In addition these data 
indicate an increase in the extent of linearity of the 116 mix 
with age. At 2 days, this mix is nominally linear to only 50% 
of the strength with marked departure by 75% of the strength.
In contrast, the 7 day data show that the response is reasonably 
linear at 75% of the strength, whereas the 28 day values are 
linear to beyond 75% of the strength.
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Comparison of the rationalised data for the two mixes in Table 7.7 
shows that whilst the form of the 168 stress-strain response is 
similar at each age, this is not the case for the 116 mix, and
only the 28 day response has a similar form. The 2 day and 7 Jay
results suggest greater ductility.
7.3*2 Flexural tension tests
Figure 7*3 gives a typical flexural load-strain curve in whioh, for 
comparison, both tensile and compressive deformations are shown increasing 
in the same direction. This general form was consistently obtained, with 
tensile deformation being slightly greater and then exhibiting a larger 
departure from linearity as failure is approached. The immediate discussion 
will consider the tensile strain behaviour, and the overall response of the
flexural specimens in terms of both compressive and tensile strains will be
considered subsequently.
Figure 7*4 shows the mean tensile strain responses of both mixes at the 
ages considered, based on average recorded strains and the mean strengths 
of each mix. Strengths and stresses were calculated from simple beam 
theory and assumed elastic behaviour. The general pattern is similar to 
that for uniaxial tension except that, after the linear .'portion, the 
flexural tensile strains show greater departure to failure. The extent
of linearity in flexure, indicated from individual results, ranged from
50% to 75% of ultimate load for both mixes. Departure of the 168 .mix 
occurred at 50% of ultimate load at 2 days, increasing to between 50% 
and 60% at 7 days, and to 75% at 28 days. A similar but less marked 
change was apparent for the 116 mix, with departure increasing from 
50% of ultimate load at 2 days to 60% at 28 days.
a) Stresses and strains at departure
Table 7.8 gives the mean stresses and strains at both departure 
and ultimate loads. It should be noted that although two tests 
were undertaken at 2 days on the leaner mix, the departure values
shown are from one test. An instrumentation setting error for the
second test provided insufficient amplification for the load signal, 
and precluded a reliable estimate of the departure value.
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Figure 7.3 Typical example of flexural . 
load /s frai-R—Fesponse -
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Figure 7,4 Mean flexural tensile stress/strain
responses
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Table 7.8
Stress and strain in flexural tension 
of departure and ultimate load
Cement
content
(kg/m3)
Me
(days)
Strain (x 10”®) Stress (MN/m2) Notes
Departure Ultimate Departure Ultimate
2 24(-)
102
(-)
.25
(-)
.54
(-) 2 tests
116 7 37(14)
118
(21)
.81
(.19)
1.47
(.11) 5 tests
28 41(9)
153
(26)
1.11
(.13)
1.97
(.15) 3 tests
2 300)
93
(25)
.63
(.05)
1.27
(•10) 4 tests
168 7 50(10)
146
(29)
1.48
(.21)
2.76
(.11) 3 tests
28 76(13)
224
(37)
2.36
(.16)
3.14
(.22) 4 tests
NB Figures in brackets indicate values of standard, deviation.
Table 7.8 shows that departure strains are higher for the 168 mix 
than for the 116 mix at any given age, but these data do not suggest 
any simple linear relationship between the two mixes. The departure 
strains increase with age,, as do the associated stresses, so being 
in line with the previous observations for the uniaxial tensile 
behaviour.
Comparison of departure stresses at each age shows that, as would 
be expected from the departure strain comparison, the values of 
the 168 mix are higher than those for the 116 mix. For these 
data the 116 values approximate roughly to 50% of the 168 results, 
although such linearity is not confidently established from these 
results.
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b) Stresses and strains at failures
Stresses at failure increase with age and, predictably, the strength 
of the 116 mix is lower at a given age than that of the 168 mix but, 
in contrast to the results for uniaxial tension, the strengths at a 
given age are not directly related. The standard deviation of 
stress at both departure and failure is typically 0.15 MN/m2, being 
largely in agreement with those obtained at failure only by Kolias 
and Williams (1978) for dry lean concrete from similar sample 
populations.
Ultimate strains, of each mix increase with age, with the failure 
strains of the 116 mix being lower than those of the 168 mix at 
7 days and 28 days. This was not the case for the 2 day re suits 
but, bearing in mind that the data for the leaner mix are based 
on only two tests and that all the results are subject to general 
scatter, the comparison is necessarily limited. Interestingly, 
however,the mean failure strains are closely related by the 
following equation.
&116 “  0,4  % 68 + ^  (7.2)
Where the terms £.;q6 and £168 are tee failure strains in flexure 
of the 116 mix and the 168 mix respectively, at a given age, when 
units of microstrain are used.
This equation implies that when failure of the richer mix occurs 
at 108 miorostrain or more, flexural failure of the 116 mix at 
the same age will entail, a lower ultimate strain. Conversely,. , 
for failure strains of less than 108 micro strain, the 116 mix will 
have a greater strain at failure. Table 7.8 shows that the 168 mix 
would have a flexural failure strain of 108 microstrain at an age 
of between 2 days and 7 days, possibly at about 4 days. It must 
therefore be inferred that at ages of less than 4 days, strains at 
failure for the leaner mix will be higher than those for the richer 
mix.
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r'h'f/
It is felt that/inference is an indirect indication of differences 
in behavour of the two mixes at early ages, such that the 116 mix 
exhibits greater strains at failure when tested young than does 
the 168 mix, therefore implying greater ductility. This is in 
line with the uniaxial tension behaviour noted previously. The 
general form of the flexural stress-strain response is considered 
later and further comment is made regarding behaviour at early 
ages.
c) Relationship between departure and ultimate values of 
stress and of strain
Departure stresses of the 116 mix lie between 45% &ncL 55% of the
ultimate stress, this proportion increasing with age as mentioned
earlier. Similarly, the departure values of the 168 mix lie
between 50% and 75% of the ultimate values. Comparison of strains
at departure with the ultimate values shows that departure strains
of the 168 mix are approximately one third of the ultimate strains
in flexure. The results for the 116 mix do not follow a simple
pattern which, it is felt, reflects the manner in whioh the
ductility of this mix-changes with age.
d) Form of the flexural stress-strain curve
A similar comparison to that made in 7.3*1 Dor the uniaxial 
tension behaviour is shown below in Table 7*9• The data are those 
used for Figure 7*4 "but presented in a rationalised form.
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Table 7.9
Rationalised flexural tensile stress-strain response
Mix cement 
content
(kg/m3)
Age
(days)
Rationalised strain at various stress levels
St re s s/strength
.25 .50 .75 .90 1.00
2 - .24 - - 1.00 !
116 7 .14 .27 . 44 .56 1.00
28 .12 .25 .36 .50 1.00
2 .16 .32 .50 .67 1.00
168 7 .16 .32 .51 .66 1.00 '
28 .11 .22 .34 .46 1.00
Table 7.9 shows that, apart from the similarily of the 2 day and 
the 7 day responses of the 168 mix, the general behaviour is 
variable and does not follow the well defined pattern detected 
in the uniaxial tension tests. Yet the general format of Figure 
7*4 appears satisfactory? and it is considered that the anomalies 
indicated in Table 7.9 reflect the considerable dependence of the 
normalised data on the strain finally developed in the loading 
test. For tests of this type, which ace undertaken at a constant 
rate of stress, failure is relatively sudden and the strains 
developed are likely to be highly variable. In this respect, 
tests conducted at a constant strain rate may be preferred.
It is felt that the behaviour observed here is associated with a 
complex failure mechanism of the material under flexural loading, 
and which is influenced by factors such as limiting tensile stress, 
stress gradient, relative stiffness of specimen and machine, loading 
rate and specimen size. In contrast, all the material in uniaxial 
tension is relatively uniformly stressed, which will minimise the 
influence of stress gradient and specimen size.
-  91 -
e) Compressive strains and position of the neutral axis 
The flexural tests showed that compressive strains were linear in 
initial response and, in general, were lower than the tensile strains. 
Departure from linearity was less marked than for tensile strains and, 
on several occasions, compressive strains appeared linear even after 
distinct tensile strain departure was observed. The calculated neutral 
axis position, based on these observed strains, was therefore 
invariably closer to the compression surface. With increased load, 
the neutral axis moved even nearer to the compression surface, 
giving a distinct upward shift. Extrapolation of this nuetral axis 
shift to zero load indicated that the neutral axis would not start 
at the specimen mid-depth, but would be nearer to the compression 
surfaces.
The general pattern of neutral axis shift with increased load was, 
for practical purposes, independent of mix type and age at test. 
Typically a 2% upward shift (relative to specimen depth) occurred 
by 90% of ultimate load, with a further upward shift of 6% to 
failure. Neutral axis starting positions generally appeared to be- 
between 46% and 48% of the specimen depth from the top surface and, 
although some specimens differed from this starting position slightly, 
all specimens shoved the general upward trend of neutral axis with 
increasing load. Three specimens behaved differently in that, at 
low loads, the neutral axis appeared rather closer to the compression 
face than at 50% and- 75% of the ultimate load. There was subsequently 
an initial downward movement before following the general pattern of 
movement towards the compression face. These specimens were from the 
116 mix, two being 7 days old and one being 28 days old.
These observations suggest that the specimens may all have some 
foim of surface microcracking even prior to loading, such that 
those microcracks on the tensile surface are opened under load, 
whilst those on the compression face are closed. It is likely that 
the tension microcracks would open unhindered, whilst it is felt 
that the compression microcracks are less likely to completely close 
due, perhaps, to displaced particles within the cracks.. This would 
in effect give slightly larger observed tensile strains, leading to 
the apparent initial shift in neutral axis.
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7*3*3 Overall comment
The previous sub-sections have presented the stress-strain results obtained 
for uniaxial tension and for flexural tension tests. The general behaviour 
has been discussed and it has been shown for both types of test that the 
stress-strain curves have a nominally linear initial portion, followed 
by a curvilinear portion to failure.
The uniaxial tension results for the 168 mix indicated a general stress- 
strain curve applicable to the three ages considered, but the 116 mix in_ 
uniaxial tension and the flexural tension data for both mixes did not 
show a similar general curve. In the case of the flexural tests it was 
suggested that this was due in part to non-material factors influencing 
the failure mechanism, whilst it was implied that the linear portion of 
the stress-strain curve provided a measure of fundamental material 
response.
The. same reasoning is equally applicable to the uniaxial tension tests 
since the similarity in the response of the 168 mixes oould be a function 
of the specific test conditions imposed.
Therefore, by inference, it is suggested that the values of stress and 
strain at departure from linearity provide more meaningful material 
parameters, being less dependent- on non-material effects and related 
instead to the applied stress .regimes,.
It is equally clear, however, that the materials have been subjected to 
stresses and strains greater than those at departure, but it is likely 
that the number of such load repetitions would have to be limited.
Whilst the effects of repeated or sustained loading have not been con­
sidered at this stage, it is felt useful to summarise the results in 
terms of departure and ultimate strains since these provide a reasonable 
indication of material response under-the specified loading conditions. 
Furthermore, strains are based on physical measurements of material de­
formation whilst stresses, for other than uniaxial loading, are generally 
based on idealised conditions.
Table 7.10 presents these data, which are taken from Tables 7.6 and 7.8
Table 7.10
Summary of departure and ultimate tensile 
strains in uniaxial and flexural tension
Age Cement i Test Departure Ultimate
(days) content type strain strain
(kg/m3) (x 10~6) (x 10“6)
116
Uniaxial
tension 11 83
Flexure — 102OeL
168
Uniaxial
tension 27 53
Flexure 30 94
Uniaxial 29 69
116 tension
7 Flexure 37 118(■
168
Uniaxial
tension 34 72
Flexure 50 146
Uniaxial 41 63
116 tension
Flexure 41 15328 .
168
Uniaxial
tension 52 90
Flexure 76 224
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7.4 Effect of age on strength and elastic properties
This section considers the effects of age on strength and elastic 
properties of the wet-lean concrete used in this investigation, since it 
is recognised that age effects differ for these properties and that this 
may therefore influence the structural performance. The data obtained 
here are augmented by certain other published information, in order to 
produce relationships having broader applicability.
The results from this investigation are given in Table 7.11? showing 
the 2 day, 7 day and 28 day properties of the wet-lean concrete, together 
with the number of specimens tested. The scatter of results for the 7 day 
properties has been discussed in section 7.2, and these earlier comments 
are generally applicable to the 2 day and 28 day values.
The scope of the other investigations considered is summarised in 
Table 7.12, in which the 28 day properties are given. These studies are 
equally divided between normal concretes and dry lean concretes which, 
with the wet-lean concretes used here, encompass a considerable range of 
properties. Ages at test range from 16 hours to 10 years but, for ages 
up to 28 days, lean concrete data predominates.
During the ensuing detailed discussion all data considered will be 
rationalised in terms of the appropriate 28 day value, such that the 
28 day property is assigned the value of unity. It is emphasised that 
the relationships presented here apply only for the parameters given 
in Table 7.12 and any variations, particularly regarding materials, 
will undoubtedly affect the behaviour. The relationships for modulus 
and strength are summarised later in this section.
7.4-1 Elastic modulus
The rationalised results from the investigations summarised in Table 7.12 
are shown in Tables 7.13 and 7.14. The results from this investigation 
are given separately in Table 7.15.
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Table 7»12
Scope of investigations showing 28 day properties
Results
after
a/cK 1)
ratio
Elastic modulus (GN/iY) Compressive strength (MN/nr) Tensile strength (M/m2)
Dynamic
modulus
Static
modulus
Cube
strength
Equivalent
cube
strength
Prism
strength
Flexural
tension
strength
Cylinder
splitting
strength
Uniaxial
tension
strength
Franklin
&
King
(1971)
6.7 44.7 40.6 3.01
Galloway,
Harding
&
Raithby
(1979)
6.7 45 41.2 3.62
Nowak
(1968)
9.2 26.5 2.79
7.2 38.6 3.52
4.0 54.8 4.45
Kolias
&
Williams
(1978)
18 40.6 34.8
(uniaxial
tension)
21.6 13.55 2.61 1.43
Williams
&
Patankar
(1968)
1 7 . 5 ^
(4 mixes)
36.2 31.3 19.5 11.7
56.5 27.9 22.0 12.9
56.9 ■ 30.3 25.8 14.0
38.6 30.3
(uniaxial
compression)
23.6 14.0
Taylor
(1977) 18 39.1 34.1 1.45
NOTES: (l) Insufficient data to determine cement content (kg/m^ ),
(2) • Williams and Patankar (1968) used four mixes having various proportion of Thames Valley gravel and 
Mountsorrel granite aggregates. All other investigations used Thames Valley aggregate.
(5) All cement reported as ordinary Portland cement, with testing in accordance with BS 1881 
where applicable. Wet curing used in each case.
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Table 7.15
Effect of age on strength and modulus up to 28 days
Property Results
after
Age (days)
t 1 2 3 4 7 14
Dynamic
elastic
modulus
Kolias & 
Williams 
(1978)
.60 .90
Franklin 
& King 
(1971)
.83 .91
Williams & 
Patankar 
(1968)
.45 .90
Taylor
(1977) .36 .60 .72 .83 .90 .95
Static
tension
modulus
Kolias & 
Williams .58 .88 "
Kolias & 
Williams .56 .89
Static
compression
modulus
Williams & 
Patankar .90
Cube
strength
Franklin 
& King .46 .67
Williams & 
Patankar .21 .72 .
Equivalent
oube
strength
Kolias & 
Williams .34 .70
Prism
strength
Kolias & 
Williams -.27 .70 .
Williams & 
Patankar .73
Flexural
Tension
Kolias & 
Williams ,76 >
Cylinder
splitting
Franklin 
& King .60 .75
Uniaxial
tension
Kolias & 
Williams .34 .82
Taylor .08 .21 .39 .64 . 77.
NOTE: Properties relative.to 28 day values
Table 7.14-
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Effect of age on strength and modulus beyond 28 days
1 Property Results
after
Age
Days Months Years
91 100 6 9 1 2 3 5 10
Dynamic
Modulus
Galloway, 
Harding 
& Raithby
(1979)
1.05 1.05 1.06 1.08 1.07 I.09 1 .11 1.12
Kolias & j
Williams
(1978)
1.07
Franklin 
& King
(1971)
1.05 1.09
Static
tensile
modulus
Kolias & 
Williams 1.08
Static
compression
modulus
Kolias & | 
Williams 1.08
Cube
strength
Franklin 
& King 1.23 1.33
Equivalent
cube
strength
Kolias & 
Williams 1.30
Galloway, 
Harding & 
Raithby
1.18 1.21 1.27 1.32 1.30 1.38 1.49 1.50
Nowak
(1968) 1.26 1.42 1.48 1.53
Prism
strength
Kolias & 
Williams 1.30
Flexural
tension
Nowak 1.16 1.28 1.38 1.55
Galloway, 
Harding & 
Raithby
1.18 1.16 1.20 1.28 1.34 1.40 1.63 1.65
Cylinder
splitting
Franklin 
& King 1.11 1.23
Uniaxial
tension
Kolias &. 
Williams 1.17
NOTE;. Properties relative to 28 day values
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Table 7.15
Effect of age on .properties of mixes 
used in this investigation
Property Age (days) Mix cement content (kg/m3)
116 168
Dynamic
elastic
modulus
2
7 ' |
.56
.86
.69
.94
Static
tensile 2 .44* .66
elastic
modulus
7 .92 1.06
Cube 2 .28 .30
strength 7 .71 .78
Equivalent 2 .34 .33cube strength 7 .72 .75
Flexural 2 .27 .40
tension 7 .75 .88
Cylinder 2 .27 .33splitting 7 .78 .83
Uniaxial 2 .18* .36
tension 7 .78 .83
NOTES: Properties relative to 28 day values
* Based on only one result
-  101 -
Table 7.13 shows that elastic modulus has been assessed by three different 
methods, but that results for static measurements are limited. In contrast, 
four of the investigations used the eleotrodynamio method and these will 
therefore be considered first.
The most comprehensive indication of the development of dynamic modulus 
is given by Taylor (1977), who tested a dry lean concrete at early ages.
The one and two day values are somewhat higher than those of Kolias 
and Williams (1978) or of Williams and Patankar (1968), whilst the four 
day result seems lower than that indicated by Franklin and King (1971).
At seven days good agreement is shown, between all four investigations.
The normalised static modulus determinations show a general agreement 
with the dynamic values, but these data are insufficient to establish 
comparability. There is, however, considerable evidence suggesting 
simple correlation between static modulus values and dynamic modulus 
values for both normal concrete (Popovios, 1970; Jones, 1962; CP110:1972) 
and for lean concrete (Williams & Patankar, 1968; Kolias & Williams, 1978). 
On this basis it is felt that these data may be considered equivalent.
The scatter of results is thought to be related to unavoidable differences 
between the breadly similar materials used and, in spite of these variations, 
it is felt justified to utilise average values to examine the general 
development of elastic modulus with age. Figure 7.5 presents these mean 
values, from Tables 7.13 anJ- 7.14, with the results from this investigation 
(Table 7.15)shown separately. It should be noted that a log: scale is used 
for age.
The general form in Figure 7*5 shows that the initial increase is rapid, 
with 50% of the 28 day elastic modulus obtained within 1-J- days and 80% 
within 4 days. Above 28 days the development, is far slower with only a 
10% increase on the 28 day value after 5 years. The form is approximated 
by three linear portions and the appropriate equations are given on 
Figure 7.5.
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Figure7.5 Influence of age on elastic modulus 
of concrete
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The results from this investigation provide upper and lower bounds on 
the general form, with the leaner mix consistently lower than the richer 
mix. The difference in this case cannot be attributed to materials, and 
it is suggested that the variation reflects the previously noted ductility 
differences between those mixes at early ages. It should be observed 
that the values shown are solely those for electrodynamic elastic modulus 
because the static modulus results were considered unrepresentative, due 
to inconsistencies apparent when these were compared with the dynamic 
modulus results (Kolias & Williams, 1978; Jones, 1962). It is felt 
that this further reflects the difficulty of obtaining meaningful 
static tensile modulus results as noted earlier.
7.4«2 Compre s sive strength
Three methods of assessing compressive strength are considered in 
Tables 7*13, 7.14 and 7.15, being cube strength, equivalent cube strength 
and prism strength. The latter represents the uniaxial compressive 
strength, whilst the cube strength and the equivalent cube strength are 
measures of compressive strength under more complex stress conditions.
It is generally considered that a simple relationship exists between 
cube strength and uniaxial compressive strength which, for this discussion, 
means that these methods are directly comparable. Equally, it is felt 
that the cube strength and equivalent cube strength, although often 
reported to be slightly different, are unlikely to differ in the manner 
in which they monitor strength development with age. The mean re suits 
from Tables 7.13 and- 7.14 therefore shown in Figure 7.6, with the 
results from this investigation superimposed. It will be noted that 
the wet-lean concretes show closer agreement to the general form than 
was the case for modulus, and that the 168 mix again gives slightly higher 
values than the 116 mix. The difference in this case, however, is not 
so marked.
104 -
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It is interesting to compare the development of compressive strength 
with that already shown for modulus. Thus, 50% of the 28 day strength 
is attained in 3 "to 4 days (compared with 1-J- days for elastic modulus), 
and 80% is reached in 10 to 12 days (compared with 4 days for elastic 
modulus). The gain in strength beyond 28 days is very pronounced with 
a 30% increase over the 28 day value being reached within one year; and 
a 46% increase by five years. In contrast, elastic modulus exhibits an 
increase of only 10% on the 28 day value, after five years.
Figure 7*6 suggests a reasonably linear increase in strength beyond 
three months using a log time scale, and the equation is given on the 
Figure. An interesting extrapolation from this equation indicates that 
the compressive strength after 100 years could be about 70% greater than 
the 28 day value.
7.4*3 Tensile strength
Three methods of estimating tensile strength are shown in Tables 7-13 
to 7.15. These are the flexural tension test, the cylinder splitting 
test and the uniaxial tension test. The former are both British Standard 
tests (BS 1881:1970) and are well established, although both are indirect 
in their method. The uniaxial tension test is direct in its method, and 
the technique has been tried in many forms for concrete and cemented 
materials. Difficulties have been reported, however, both in acceptably 
gripping the specimens and in variability of results due to non-axial 
loading. The technique adopted for some years at Surrey (Edgiijfcon, 1973; 
Stock, 1975; Kolias, 1975; Taylor, 1977) bas been used for all uniaxial 
tensile strengths given in Tables 7*13 and- 7.14. Standard beam types 
were used in these cases, and the method has been demonstrated to be 
reliable (Johnston and Sidwell, 1968; Kolias and Williams, 1979). The 
tests reported in this thesis were undertaken on specimens which had 
been further improved, by the introduction of a waisted section, to 
ensure consistent failure remote from the grips.
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The flexural tension test is known to overestimate uniaxial tensile 
strength, whilst the cylinder splitting test is considered to give 
nearer the true value (Neville, 1977)* Good correlation has been 
found between the two indirect methods by numerous workers (Saul, i960; 
Malhotra, 1967; Popovics, 1967)? and similarly correlation has been 
obtained between the Surrey uniaxial test and the flexural test (Kolias 
and Williams, 1978). It is felt that the three tests may be considered 
equivalent for this discussion, although some doubts have been expressed 
regarding the reliability of the cylinder splitting test and its ability 
to accurately respond to changes in tensile strength (Harmant et al, 1973; 
Walker, 1974).
The tensile strength development with age is shown in Figure 7.7 and. 
the general form is similar to that for compressive strength. In 
comparison, however, the early tensile strength gain is rather more 
rapid with 50% of the 28 day tensile strength being reached in 2 to 3 days 
(compared with 5 to 4 days for compression). Furthermore, 80% of the 
28 day strength is attained in 6 to 9 days whilst compressive strength 
requires 10 to 12 days for a similar gain. The general similarity between 
the development of the two strengths exists over a considerable period, 
although the gain of tensile strength appears more rapid beyond one year. 
This is rather surprising since the compressive test is an indirect 
measure of tensile behaviour, with failure occurring by splitting, but 
the difference has been detected in two separate studies (Nowak, 1968; 
Galloway et*al, 1979). The wet-lean concrete results are largely in 
agreement with the general development and, as before, the richer mix 
gives consistently higher values than the leaner one.
7.4*4 Overall comment
The effect of age on the three main properties of concrete has been con­
sidered, and the general patterns have been presented. These have shown 
that distinct differences exist between the manner in which the properties 
develop. The effect of age is summarised in Table 7.16 based on the 
general curves suggested by Figures 7.5? 7.6 and 7.7. Bounds on 
accuracy for these data are suggested as - .05, based on the earlier 
general observations regarding the spread of results.
(8 ZU
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Table 7.16
Summary of the effect of age
Property Age
Days Years
1 2 3 4 7 28 13 1 5 10
Elastic modulus .45 .64 .76 .83 .90 1.00 1.06 1.07 1.10 1.11
Compressive strength . 21 .30 .45 .53 .70 1.00 1.26 1.32 1.46 1.53
Tensile strength .18 .34 .54 .66 .80 1.00 1.19 1.27 1.52 1.65
Table 7.16 presents a practical method of estimating the properties of a 
given concrete at ages other than those for which values are known. These 
data apply to mixes using ordinary Portland cement and Thames Valley gravels, 
as noted earlier, and for materials within these broad classifications it 
is felt that reasonable estimates are possible.
A comparison of the data suggested here with strength values given in other 
published sources, for more limited periods, is shown in Table 7.17.
Table 7.17
Comparison of suggested age effect on concrete strength
Property Source Age Notes 1
3 days 7 days 3 months 1 year
Compressive
strength
DoE, 1975 .45 .68 1.20 - Cubes |
MoT, ( !
(HH4) , (
.45
.40
.69
.66
1.20
1.23
1.45
1.55
Cubes w/c = .40 
Cubes w/c = .50
ceb/fip, 1970 .40 .65 1.20 1.35 Cylinders
Parrott, 1979 .50 .70 1.17 1.28 Cubes
Table, 7.16 .45 .70 1.21* 1.32 3 test methods 
given earlier
Tensile
strength
DoE, 1975 .61 .79 1.18 - Cylinder
splitting
ceb/pip, 1970 .40 .70 1.05 1.10 Cylinder
splitting
Table 7.16 .54 .80 1 .14* 1.27 3 test methods 
given earlier
* Taken from appropriate figure (either 7.6 or 7.7)
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The agreement for compressive strengths is satisfactory, in general, 
with the published data falling within .05 of the values from Table 7.16 
up to an age of three months. At one year, the results from Road Note 4 
are markedly higher than any other source which is surprising, since the 
values for a water/cement ratio of 0.4 in particular are in extremely 
good agreement with Table 7.16 at lower ages.
Considerably greater differences are shown for tensile strength and, 
although those data are more limited than for compressive strength, it 
appears that the CEB/FIP figures are particularly low. Further work 
would be necessary to examine this.
Only limited long-term predictive data for elastic modulus have been 
found in the literature yet, in the context of structural performance 
of cement treated layers, the inter-relationship between modulus and 
strength will have a considerable influence on crack susceptibility.
The values given in Table 7.16 are in reasonable agreement with those 
suggested by Teychenre et al (1978).
It is emphasised that the effects of age considered here apply only to 
clean concreting aggregates. Whilst is is clear that stabilised 
materials such as soil-cement similarly exhibit enhanced strength and 
elastic properties with age (PCA, 1979)? there is evidence to suggest 
that a rather more complex change occurs due to the particle nature 
(US Dept of the Interior, 19615 Sherwood, 1969) and to which pozzolanic 
action has been attributed.
Figure 7.8 shows normalised values of tensile and compressive strength 
plotted against elastic modulus, the values being taken from Table 7.16. 
It is seen that the general form of the curves for both tensile and 
compressive strength are similar with respect to elastic modulus and 
that, initially, the modulus develops more rapidly than strength. 
Tangents to the curves are suggested which represent the points at which 
modulus and strength development are equal and, in the case of both 
tensile strength and compressive strength, it appears that these occur 
at about an age of 2 days. Beyond 2 days, the strength develops more 
rapidly than modulus.
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It follows that in any structural situation where the elastic modulus 
governs the induced stress, the material will be in an especially critical 
state at ages of less than two days. Additionally, Figure 7.8 shows that 
there is no simple linear relationship between strength and elastic 
modulus applicable to all ages.
Figure 7.9 compares the relative values of tensile strength with 
compressive strength at various ages. In this comparison, as might be 
expected, the curve lies closer to the line of equality indicating that 
the rate of development of both tensile strength and compressive strength 
is broadly similar. Interestingly, the tensile strength appears to 
develop more rapidly at early ages (up to about four days) and, as 
mentioned earlier, from an age of about six months. Between these ages 
compressive strength develops more rapidly. Differences in test method 
and modes of failure will contribute to this behaviour but it is clear 
that the exact nature of the strength development in each case is a 
multi-faceted problem. The following section considers some aspects 
of concrete behaviour under various stress conditions.
7.5 Choice of failure criterion
The previous discussions have presented details of the strength, elastic 
properties and stress-strain responses of the wet-lean concretes used in 
this investigation. It is clear that, since the loading of a cemented 
pavement materials induces critical tensile stresses, it is necessary 
to determine the applicable failure criterion. The three tensile tests 
considered earlier each gave different results, and it was suggested 
that this was largely attributable to differences of test method. This 
section considers the choice of tensile failure criterion for the 
subsequent slab tests.
7.5.1 General form of the stress-stiain relationship 
The stress-strain response of concrete and cemented materials has 
received considerable attention, with the majority of earlier published 
work concentrating on the seemingly more important compressive behaviour. 
There is widespread agreement on the general form of the uniaxial 
compressive response, in that the intial portion is nominally linear
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usually followed by a curvilinear portion -to failure. Shah and 
Chandra (1968) reported that the linear portion extended to 50% of 
the ultimate load, whilst Popovics (1970) took a more conservative 
view for his proposed general stress-strain curve suggesting linearity 
to 30% of ultimate load. This was based on a review of available 
information, dating back to the early part of this century.
The emphasis more recently has been placed on the tensile behaviour, 
since it has become clear that •failure1 of cemented materials must 
stem, in practical cases, from exceeding some limiting tension failure 
criterion.
The difficulties attached to the measurement of tensile strain, being 
an order of magnitude lower than compressive strain, are encapsulated 
in an early work by Todd (1955) • His results, from tests on plain 
concrete in uniaxial tension, showed that the stress-strain curve did 
not exhibit any appreciable ductility. It was only with improved 
experimental techniques during the early I960's that the tensile 
stress-strain response was shown to be inelastic ()£aplan., 1963?
Rusch & .Hilsdo-rf 1963; Hughes & Chapman, 1966).
Kaplan (1963) concentrated on instrumented tension testing of a variety 
of conventional concretes using both gravel and limestone aggregates. He 
defined the maximum strain of the linear portion of the stress-strain 
response as the cracking strain which, he suggested, marked the intiation 
of cracking from which propagation to failure commenced. This is an 
observation which was supported by an investigation entailing microscopic 
techniques, conducted during the same period.
Hsu et al (1963) examined the formation of cracks in concrete in 
compression, using a microscopic assessment of crack development.
Their technique involved cutting slices from specimens which had been 
previously loaded to various proportions of ultimate load, polishing 
these, and applying a dye to make any cracks visible. They firstly 
observed that cement-aggregate bond cracks existed even prior to
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loading, although it must he inferred that the method of specimen 
preparation might lead to these cracks. Subsequent compression loading 
gave an increase in the extent of these cracks above about 50% of 
ultimate load, with a corresponding change of linearity of the stress- 
strain curve. An even more marked change of curve was observed at 
70% to 90% of ultimate load, corresponding to the formation of cracks
in the mortar which bridged between the previously formed bond oracks,
*
and leading to subsequent failure.
The first departure point identified by Hsu' et al, marking the 
initiation of load sensitive cracking, is thought to correspond to 
Kaplans, cracking strain point. In this latter case, Kaplan (1963) 
arbitrarily defined the cracking strain as the point at which the 
stress-strain response deviated by two microstrain from its initial 
linear portion.
Kaplan found good agreement between cracking stains in flexure and 
cylinder splitting, and good correlation between cracking strains 
in flexure and direct tension* with direct tensile cracking strains 
averaging 46% less than those in flexure. Perhaps more important was 
the finding that cracking strains in compression were in good agreement 
with those in flexure and cylinder splitting, and that these were 
independent of aggregate type and water/cement ratio. The associated 
stresses, however, were neither the same magnitude nor independent of 
aggregate type or water/cement ratio.
Kaplan duly concluded that this indicated that the initiation of 
cracking was more dependent upon strain than stress.
Welch (1966) conducted flexural tension tests on various concretes, 
including lean concretes with an aggregate/cement ratio of 17, made 
with different aggregates. He reported that'the lean concrete 
load-strain curves were non-linear from the outset, being initially 
a circular curve which at some point became increasingly non-linear.
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Welch used a slightly different method of identifying the point of 
departure from that of Kaplan but which, for practical purposes, was 
identical. For the lean concretes Welch identified departure from 
the circular curve. He reported departure strains of 41 to 52 
micro strain, occurring at between 60% and 71% of the ultimate load 
for the 28 day lean mixes, using both rounded and irregular gravels, 
and crushed granite.
Domone (1974) showed that failure stresses and strains in tension 
were dependent upon curing conditions as well as on water/cement 
ratio. He observed linearity to about 60% of tensile strength for 
sealed specimens, and to about 40% for water immersed specimens.
Stress and strains at departure, however, were not reported.
Kolias (1975) examined the strength and elastic properties of cement- 
stabilised materials, in which the material types covered the range 
of those allowed by the specification ( 1969). He observed that the 
initial portions of the uniaxial tensile stress-strain curves were 
markedly linear, generally to at least 50% of the strength, thus 
influencing his decision to estimate the static elastic modulus at 
50% of the strength. Kolias also observed that the uniaxial com­
pression response was linear to about one third of the ultimate 
load.
Recent work in France (Terrien, 1980) has made additional use of acoustic
emission techniques to study the behaviour of concrete under uniaxial
tension load. In this case, microconorete specimens of 36 mm diameter
and 140 mm long were statically loaded to failure using both BRS gauges
and acoustic emission devices to monitor response. Tests were conducted
on nominally similar wet and air cured specimens, and it was reported
that the elastic modulus values of the wet cured prisms were higher than
those of the air cured specimens whilst the strengths were lower. Typical
2values for the wet cured material were 35 to 40 GN/m for modulus and 
22 to 3 MN/m for tensile strength. In contrast, the modulus results 
were about 5 GN/m2 less for the air cured specimens with strengths 
approximately 2 MN/m2 greater. The limit of linearity observed from 
the stress-strain curves was similar in both oases, to about 1.5 MN/m2, 
being 50 to 60% of the strength of wet cured specimens and 30 to 40% 
for air cured.
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The acoustic emissions gave distinct changes of spectra at certain 
load levels, which agreed well with the changes of stress-strain 
response for wet cured specimens hat occurred at slightly higher 
loads for air cured material. Terrien concluded from these data 
that failure initiates at the mortar/aggregate interface (at 30% 
of the strength) and that cracking subsequently propagates through 
the mortar. It was noted that this occurs in several zones of the 
test specimen.
Bonnot (1972) noted that tests on grave 1-cements in both flexure and 
uniaxial tension showed that failure strains in bending were higher, 
by at least 50%, than those in uniaxial tension. This indicates 
that the method of test influences the general stress-strain behaviour 
particularly as failure is approached, and is in keeping with the findings 
from this investigation. Bonnot also noted that loading tests on slabs 
produced even greater strains at failure, further illustrating the 
difficulty of using end-point conditions which are undoubtedly subject 
to variation with loading regime.
7.5*2 Repeated loading
Galloway et al (1973, 1979 (a), 1979 (b)) presented the results of tests,
conducted at the Transport and Road Research Laboratory, in which the
performance of normal and lean concretes were examined under flexural,
ocmpression and fatigue loadings. The findings indicate that, in
8flexure, a fatigue life in excess of 10 cycles is likely if the maximum 
applied stress does not exceed 50% of the single load application 
flexural strength. This was irrespective of aggregate/cement ratio, 
and applied equally to normal concrete and to lean concrete.
Tepfers et al (1977) considered fatigue in compression, using 25 mm 
diameter and 50 mm high cylinders loaded at a rate of between 150 Hz 
to 200 Hz. A fatigue life of 10® cycles was obtained when the maximum 
cyclic stress was 60% of the static cylinder strength. Mean cube 
strengths of the mix tested were 23.8 MN/m2 and 27.6 MN/m2 at 31 days 
and 91 days respectively.
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Larsen and Nussbaum (1967) obtained flexural fatigue data for soil- 
cement, using the radius of curvature of the loaded specimen as a 
criterion of failure. In terms of the critical radius of curvature 
(representing failure), the fatigue limit at 10^  cycles was 52% and 
56% for the two granular soils considered, and about 4C% for a plastic 
soil. These tests were conducted with continuous support for the 
specimens, provided by various thicknesses of rubber sheet. This 
enabled the support condition to be varied from 100 pci to 240 pci*, 
over which range Larsen and Nussbaum concluded that the fatigue per­
formance was unaffected.
Kolias and Williams (1978) performed some limited uniaxial tensile 
fatigue tests on lean concrete and on cement-bound granular material, 
and found that a life of 10^ cycles would be expected if the maximum 
applied stress did not exceed 60% and 55% of the static strength for 
lean concrete and cement-bound granular material respectively.
The endurance curves obtained were similar in shape to those reported 
by Galloway and Raithby (1973) for flexural testing. Both Kolias 
and Williams (1978) and Galloway and Raithby (1973) showed that the 
rate of loading used for the static test had a marked influence on 
the strength, with higher strengths obtained for faster loading rates. 
This further illustrates the effects which test conditions have upon 
the general behaviour of cemented materials, which it is felt contribute 
mainly to the post-linear response and the complex failure mechanisms.
7.5«3 Sustained loading
The behaviour of cemented materials under sustained loading, or creep, 
has been widely reported and Neville (1977) provides a comprehensive 
bibliography. Only one recent investigation will be considered here 
which in addition to monitoring strain, utilised the ultrasonic pulse 
velocity transit time (BS 4408;1974) as an indicator of internal 
disruption.
* Modulus of subgrade reaction (k); poi; pounds/cubic inch being 
the traditional imperial units..
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Al-Kubaisy and Young (1975) examined the behaviour of a normal concrete 
in uniaxial tension under sustained loading. Specimens of 100 mm diameter 
and 200 mm effective test length were used, on which lateral and long­
itudinal strains together with ultrasonic pulse velocity were measured.
Tests were initiated at 28 days on concrete having a mean uniaxial
/ 2 / tensile strength of 2.5 MN/m and failure strain of 90 x 10“ .^ The
corresponding compressive strength was 44 • 8 MN/m2.
The static uniaxial tension stress-strain response showed two distinct 
points of departure, which were also indicated by increases in ultra- ' 
sonic pulse transit time. The first point occurred at between 20% and 
38% of the tensile strength, corresponding to longitudinal strains of 
16 x 10”6 to 30 x 10-6', and caused an increase in pulse time of 0.2 
microseconds. The second point was observed at between 68% and 78% 
of the strength, with longitudinal strains of from 40 x 10~6 to 
73 x 10-6. From this point the stress-strain response became increasingly 
non-linear with an associated progressive increase of pulse transit 
time. The two portions of the curve up to the second departure point 
were essentially linear.
These tests showed an increasing time to failure with reductions in 
sustained stress, with no signs of failure after nine months on a 
specimen with a sustained stress of 60% of the strength. They also 
observed an increase in strain to failure with decreased sustained 
stress, which is probably largely attributable to the widely observed 
increase of stress and strain capacity of concrete with time.
Al-Kubaisy and Young postulate that the first departure point represents 
the formation of cement matrix-bond cracks, notwithstanding the existence 
of such cracks even, prior to loading, the majority of which therefore 
occurring at some 20% to 38% of the strength for their mixes. These 
they consider to remain stable, with increasing stress, until the 
second departure point from which stage the oracks enlarge and propagate, 
with time or further load, eventually forming macroscopic cracks and 
consequent failure. This postulated mechanism for the failure of 
concrete in uniaxial tension is in keeping with the previously noted 
observations of Terrien (1980) for tensile behaviour and of Hsu et al 
(1963) for concrete under compressive loading.
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Thus Al-Kubaisy and Young imply that an infinite lifespan, for the 
materials considered in their investigation, would be expected if the 
sustained uniaxial tensile load is kept below that of the second 
departure point, at between 68% and 78% of the static strength.
This is given some corroboration from the test at a 60% strength 
level, but it would be desirable to consider the performance,over 
a more extended period.than that reported. It is interesting to note 
that this is the only study found in which two departure points have 
been specifically reported. - In general, including the work in this 
investigation, only one such point can be readily identified which 
corresponds to the second point noted by Al-Kubaisy and Young.
7«5*4 Overall comment
There is substantial reported evidence verifying that the stress- 
strain responses of cemented materials have an initial linear portion, 
under a variety of loading regimes. The implications of linear elastic 
behaviour are, firstly, that application of a sustained load within the 
elastic range, over any time period, should not cause failure and 
secondly, that repeated application of loads within this range should 
not produce failure. The results of numerous creep and fatigue studies 
into the performance of cemented materials show that these conditions 
are met, for practical purposes, when applied stresses are substantially 
lower than measured static strengths. End-point conditions, of failure 
stress or failure strain, are subject to the influence of external 
factors and do not directly reflect fundamental-mate rial behaviour, but 
rather the behaviour of the material under the specific test conditions. 
That the test conditions should simulate the in-service conditions is 
undisputed.
The work discussed in this section, however, offers in various guises 
the implicit conclusion that a statically loaded laboratory test to 
failure for cemented materials will not provide, per se, a criterion 
of failure suited to practical situations. Such situations generally 
entail either a sustained mainly constant load, or many applications > 
of loading within a certain range of magnitude, both of which are 
liable to cause failure at stresses considerably lower than a static 
strength parameter would indicate. Heavy factors of safety in the 
past, reflecting both materials and design uncertainties, have largely
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eliminated undesirable failures but, as more economic designs are 
implemented from advanced analytical methods, it is essential that 
meaningful materials parameters are used.
In 1968 Newman, in a paper on the behaviour of plain, concrete under 
various stress regimes, proposed that the discontinuity point of the 
stress-strain curve should be used as the definition of failure, as 
it was believed to be a fundamental property of the material. The 
ensuing years have lent greater credence to this proposal, particularly 
since the failure mechanism, of cemented materials and the effects of * 
non-material factors have become better understood.
7*5*5 Recommendations
It is proposed that the point of marked discontinuity of the load- 
strain ourve for a given test condition should be considered as 
representing failure, with the implicit assumption that loading to 
greater than this point, whether sustained or repeated, will accelerate 
structural deterioration and physical breakdown of the material. In 
the case of the slab tests, conducted in this investigation, the 
underside tensile conditions are critical and these will be considered 
primarily. Subsequent correlation with factors such as deflection and 
vertical underslab stress, as well as with laboratory tensile tests, 
will then be examined.
Strain measurements, being measured directly, will be considered in 
order to identify the point of departure since stresses generally 
require certain assumptions regarding model behaviour which,, in 
complex load situations, may not be entirely reliable. Kaplan (1963) 
has, in any case, indicated that strains at depature are prone to 
less variation than the associated stresses. The use of a tensile 
strain failure criterion, as a primary distress indicator for 
cemented materials, is also staunchly advocated by Carino and Slate (1976). 
It is noted that the work of Slate, over almost two decades, has 
provided substantial evidence in support of this view.
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8. PRESENTATION AND DISCUSSION OF RESULTS: TEST SLAB
BEHAVIOUR
Large-scale static loading tests were undertaken on circular wet-lean 
concrete slabs until complete failure, or collapse, occurred. Observations 
included radial and tangential strains (both on the top surface and 
near the underside of the slab), surface deflections, underslab pressure 
and limited temperature measurement. Details of the method of loading 
and instrumentation are given in Chapter 6.
Four different cases were examined and the details are summarised in 
Table 8.1, which shows that three similar tests were made on slab 
type B in order to judge repeatability of data. The reliability of 
the tests will therefore be considered initially, whilst the subsequent 
discussion evaluates fully-the results from two test series in which 
the main findings are highlighted.
Table 8.1 
Summary of test conditions
Case Number
of
tests
Test
designation
Slab
thickness
(mm)
Mix oement 
content 
(kg/m3)
Subgrade
rubber
depth
(mm)
A . 1 A 100 168 18
B 3 Bl, B2, B3 75 168 18
C 1 C 75 116 - 18
D 1 D 75 116 36
8.1 Repeatability of results
Table 8.1 shows that Tests Bl, B2, and B3 were nominally similar, in 
that the geometry of the test slab and the material properties were 
the same. The tests differed, however, in the distribution of in­
strumentation and in precise stress history, although each slab was 
subjected to increasing loading cycles until collapse occurred.
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Table 8.2 gives instrumentation details and shows that, whilst 
comprehensive monitoring m s  used in each case, the transducer 
positions were altered and a gauge-to-gauge comparison is not 
generally possible between tests. It is felt that such a comparison 
is, in any case; inappropriate and that a more balanced view is 
obtained-from examining all data values at a given load increment.
Figure 8.1 shows the loading history for these tests and, in each 
case, at least one 'bedding1 run to 5 &N was used. This ensured 
that the loading arrangement m s  seated properly and that the 
instruments were functioning. Subsequent load applications were 
performed after approximately ten minute relaxation periods. Load 
m s  applied to produce a central deflection rate of about 0.15 nim/ 
minute, suoh that the final load cyole to failure took approximately 
ten minutes.
Prior to discussing the slab responses in detail, two factors will 
be considered which have a marked influence on the general perform­
ance of the slabs and whioh therefore merit initial discussion.
These are the slab depth and the slab elastic modulus and both are 
subject to experimental variability.
a) Slab depth
After failure of each test slab, in-situ measurements of 
slab thickness were taken in order to assess the degree 
of control achieved during manufaoture, Table 8.3 shows 
typical depth variations observed for these tests, and, 
whilst it is not possible to give a 'mean' depth, a 
representative depth is suggested which is felt to best 
describe the thickness. Two regions are considered in 
Table 8.3 because it m s  found that the outer annulus, 
of width, approximately 300 mm, m s  thicker in general 
than the main central pprtion. This outer portion m s  
the part of the test slab which m s  masked by the formwork 
and, consequently, required hand float-finishing. . The
central portion was finished with a tamping bar designed
\to achieve the required slab depth of 75 nm.
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Figure 8.1 Loading history for tests B1,B2 and B3
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Table 8.5
Depth variation for slabs Bl, B2 and B3
Test
designation
Central portion Outer annulus
Depth range 
(mm)
Repre sentat ive 
depth (mm)
Depth range 
(mm)
Repre sentative 
depth (mm)
Bl 74 - 81 76 75 - 89 84
B2 75 - 84 79 81 - 92 86
B3 72 - 82 76 76 - 90 84
NB Nominal slab thickness, 75 rom-
It is felt that the thickness for the central portion of the 
slab is as good as could be achieved practically. In each 
case, the range of depth is within 6.5% of the representative 
depth, whilst the representative depths are within 5% of the 
nominal slab depth of 75 nun. The depth of the outer annulus 
is appreciably greater than the main portion, with the rep­
resentative depths in each case being about 10% more than 
those of the central portion. It is felt that this difference 
which applies over a comparatively small low stress area, is 
unlikely to markedly influence the overall slab behaviour, 
particularly since the initiation of failure will be in the 
proximity of the loading head. The 6.5% variation over the 
central portion, however, will lead to some variation in 
strain response. On the basis that stress is largely pro­
portional to the inverse square of the slab depth 
(Westergaard, 1926J Burmister, 1943), even this comparatively 
small variation may lead to variations of stress of 
approximately 13% which will be reflected by similar changes 
of strain.
b) Elastic modulus
Values of electrodynamic modulus, presented earlier in 
Table 7.2, are 37.5 GN/m2, 35.1 GN/m2 and 34.7 GN/m2 for 
the series B tests. In each case, the coefficient of 
variation was about 4% which suggests reasonable control
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during the slab casting periods. It can be considered that, 
as a first approximation for given conditions, a linear 
relationship exists between elastic modulus and stress 
(Westergaard, 1926; Burmister, 1943)* It therefore follows 
that the variation of elastic modulus is likely to be re­
flected primarily by a similar variation of strains.
The following discussion considers the overall slab responses of 
the B series in terms of deflections and strain. Comparisons of the 
slabs will be made at proportions of the ultimate load (20%, 40% and 
70% respectively) allowing greater flexibility for interslab comparison. 
Where necessary, values have been linearly interpolated between the 
nearest recorded load increments, taken in eaoh- case from the first 
loading cycle beyond the required load.
In general, departure from the initial linear gauge response occurs 
with increasing load, with the departure load depending on the 
position of the transducer relative to the axis of loading. During 
the ensuing discussion deflection results are presented in terms of 
response to unit load, being simply the recorded value divided by 
the load. This is in order to aid clarity and to indicate changes 
in the slab response. Strain measurements are presented in full, 
since it is felt that they are of primary importance, and actual 
strain values are more meaningful.
8.1.1 Deflection
Deflections observed from the B series are given in Table 8.4 as 
deflection per unit load (mm/kN), for three levels of applied load 
in each case. The Table shows that deflections decrease with in­
creasing distance from the load and that, beyond 1200 mm from the 
centre, there is some upward movement which suggests that the
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assumption of infinite horizontal slab extent has not been met.
Agreement for tests, at any gauge position, where comparison is possible, 
is generally good but at a radius of 900 mm and beyond there is a 
disparity of deflection values. Figure 8.2 shows the general deflected 
form in which this is apparent.
Although deflections were measured across a diameter, the largely 
satisfactory agreement of equiradial measurements justifies their 
representation as radial positions. However the sometimes conflicting 
displacements towards the slab edge, in some instances being downward 
whilst in others being upward, suggests that a rotation in the vertical 
plane has occurred, possibly due to eccentricity of the loading 
configuration. This is particularly apparent for test B3 where gauge 
positions 1200 mm and 1300 mm give distinctly different values. Since 
marked rotation of the test slab would clearly be unacceptable, the 
angular displacement in the vertical plane has been estimated for the 
worst case, test B3 at 70% of ultimate load, using the actual deflections 
at positions 1200 mm and 1300 mm on opposite sides of the centre.
These data suggest a rotation of 9 seconds for the particular diameter 
considered. Although this diameter is unlikely to mark the plane of 
principal vertical rotation, the agreement between tests Bl and B2 
and the negligible rotation indicated above suggest that the principal 
rotation will be similarly negligible. In any case, deflections within 
the central 900 mm for all tests are close and it is presumably within 
this region that failure initiates.
Table 8.4 shows that over the central area deflection rates increase 
notably as the load increases from 20% to 70% of ultimate load, the 
non-linearity implying that slab deterioration has started at a load 
considerably less than ultimate load. This will be discussed later, 
however, since the present discussion is limited to reproduceability 
of experimental data.
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The deflected form of the slabs, shown in Figure 8.2, has two main 
regions, an. upward concave portion extending to a radius of between 
300 mm and 400 mm followed by a downward concave portion, from this 
point of oontraflexure, which possibly extends to 900 mm radius.
The form is shown more clearly as failure is approached when 
deflections depart markedly from linearity but, even at 70% of 
ultimate load, Figure 8.2 shows satisfactory inter-slab agreement.
8.1.2 Tangential strain on underside of slab
Table 8.5 presents strain values from tests Bl, B2 and B3 at 
specified load increments, and these data are shown in Figure 8.3.
The Table shows that there is a reduction in strains with increasing 
distance from the centre and that, within the bounds of accuracy, 
these strains are all tensile. Where the same gauge position is used 
in more than one test, agreement is reasonable. More significant in 
view of the particular strain distribution is the faot that, in 
general, the strain for a given gauge position lies between the 
values at nominally adjacent positions even when these values are 
measured in different tests. Figure 8.3 shows the overall form of 
strain distribution in which the largely satisfactory agreement 
between the tests can be seen. The main exception to this is the 
strain measured at the centre in test Bl. At 20 kN and 35 kN,
Table 8.5 shows that these central strains are far lower than those 
from test B2. Furthermore, these strains are in fact lower than those 
observed at 100 mm from the centre (test B3) suggesting that the gauge 
is under-registering. The load-strain response showed no indication 
of slippage or of strain relief due to local cracking, and it is 
possible that the gauge was mispositioned. Since great care was 
taken to ensure accurate positioning of imbedded transducers, it is 
felt that an inadvertent displacement must have occurred in this 
instance during casting. Consequently, the recorded strain from 
this gauge is not used in the average strain values shown in Table 8.5
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Table 8.5 
Tangential strains on slab underside 
Tests Bl, B2 and B3
Load
(kN)
Test Gauge distance from centre (mm)
0 100 300 400 500 600 800 900 1000 1200 1300
10
Bl
B2
B3
54
57
46
24
18
23 16
9
6
3
2.8
5
0.8 - 1.0
2
Mean 57* 46 21 23 12 6 3 4 0.8 - 1.0 2
20
Bl
B2
333
132
252
160
52
56
46 31' 
31
26
9 3.4
7
- 1.8
3
Mean 252* 160 54 46 31 26 9 - 5.2 0.6
35
Bl
B2
B3
332
867
383
158
ill
108 71
69
59
25
36
30
20 12
19
Mean 867* 383 134 108 70 59 25 33 20 15 -
Notes: l) All values in micro strain
2) Positive values : tension
3) Choice of load increments largely correspond to
20, 40 and 70% of ultimate load and are used to
avoid interpolation of strains
* Value for Bl ignored, for reasons given in text.
p *■
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Although comment regarding the magnitude of observed tensile strains 
is reserved for subsequent discussion, it is noted that the strains 
within the central portion become substantially higher than values 
normally associated with tensile failure of cemented materials. This 
is not attributable to instrumentation.factors but, conversely, neither 
is it considered to show that concrete iu tension can sustain such strains 
It is thought that this behaviour signifies controlled crack propagation, 
after a limiting tensile strain has been exceeded, being a function of 
the particular test regime. Detailed discussion follows in later 
sections.
8.1.3 Radial strain on underside of slab
Table 8.6 gives radial strain values from the series B tests and these 
are shown in Figure 8.4* The general form of the strain distribution 
shows that the central tensile strain decreases rapidly with increased 
radius, and that a strain reversal occurs at a radius of 200 to 300 mm. 
Maximum compressive strain is observed at a radius of 400 to 500 mm, 
and this reduces with further increase in radius, being effectively 
zero at the slab edge. The difference in strain gradient between 
tangential and radial distributions was discussed in Chapter 6, and, 
it will be recalled that radial strain measurements are inherently 
difficult. In particular, observed strains at or near positions of 
maximum strain are liable to be understimates whilst measurements 
within the central influence zone are, in any case, far more sensitive 
to gauge positioning than was the case for tangential strains.
Consequently, the results in Figure 8.4 show greater scatter than 
that for tangential strains,but it is considered that overall 
resolution is satisfactory and that general accuracy of observed 
values is reasonable.
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Table 8.6 
Radial strains on slab underside
Tests Bl, B2 and B3
Load
(kN)
Test Gauge distance from centre (mm)
0 100 300 400 500 600 800 900 1000 1200 1300
20
Bl
B2
B3
132
252
81 1 
>
ro
CM 
 ^
O
N
 
1 
1
4
- 23
U
N
rH
1
1 - 12
- 3
- 11
1
1 
1
1—1
ro
- 1
Mean 252* 81 - 3 - 4 4 - 23 - 9 - 12 - 7 - 6 - 1
40
Bl
B2
B3
Gauge
failed
1040
173
c— 
0
CO 
U
N
 
1 
1
- 53
- 51
- 42
- 21
- 65
- 32
- 46 - 26
- 20 
- 17
- 10
- 14)
- 19)
- 6
Mean 1040 173 - 68 - 49 - 21 - 65 - 39 - 26 - 18 - 14 - 6
Notes: l) All values in microstrain
2) Positive values:tension
* Value for Bl ignored for reasons given in text
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In order to judge the repeatability of. experimental data, the behaviour 
of three similar test slabs has been examined in terms of deflections 
and underside strains. Since it is felt that sufficient reproduceability 
of these parameters has been demonstrated, it is not considered necessary 
at this stage to further examine either top surface strain values or 
underslab pressures. In any case, it should be noted that problems 
with the pressure measurements were encountered, attributed to 
experimental technique, leading to unreliable results.
The following discussions, however, are based on all the observed 
performance indicators and particular emphasis is placed on the in­
dividual response of transducers in order to identify limiting 
performance criteria.
8.2 Interpretation of results
This Section considers the interpretation of test slab results and 
assesses the primary factors which relate to the structural condition.
It should be noted that the A and B test series incorporated cycles 
of increasing load to ultimate failure, whilst the 0 and D series were 
essentially single load application tests to ultimate failure. In 
order to simplify this discussion results from test B2 and test D, 
using each method of loading, will be presented since the general 
responses of the other tests are similar. The loading history for 
test B2 was given previously in Figure 8.1, and the experimental details 
for both tests were presented in Chapter 6. It is recalled that test D 
used both a leaner mix and twice the thickness of support than did test B2 
thus using 116 kg/m3 of cement instead of 168 kg/m3 and 36 mm of rubber.
It will be noted that the experimental skill acquired during the 
investigation is evident in these comparisons, since considerably more 
data values were recorded during the later tests.
8.2.1 Deflection
For comparison, the responses of two gauges from each test are con­
sidered at positions of 100 mm and 500 mm from the axis of loading.
These represent deflections adjacent to the loaded area and at an 
intermediate position respectively, in order to show typical 
displacements.
8.1.4 Comment
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Figure 8.5 shows the load-defleetion curves from both tests B2 and D, 
for the gauges positioned at 100 mm. The curves for slab B2, for 
successive load cycles, show a characteristic ’lean-over1 in the 
general load-deflection response. The first departure point occurs 
at 12 kN and a deflection of 0.20 mm, and subsequent load cycles 
beyond this load lead to increasing unit deflections. This apparent 
reduction in slab stiffness implies that some structural deterioration 
has initiated. Ultimate, or collapse, load for this slab was 52 kN 
and the estimated deflection shortly before collapse, from Figure 8.5, 
is 2 mm. Interestingly, repeated cycles to a given maximum load 
showed generally close agreement, particularly of end-point deflections, 
with the response tending towards linearity. As the maximum applied 
load neared .the collapse load, , some increase in maximum deflection 
was noted on repeated load application, showing more rapid material 
breakdown and irrecoverable deformation.
Slab D had two bedding-in runs, to about 10 kN, and no apparent dis­
continuity or difference between them is shown in Figure 8.5. The 
third load application to failure shows a clear change in response, 
with the rate of deformation increasing substantially at higher loads. 
The departure from initial linearity occurs at about 12 kN and a 
deflection of 0.26 mm. Ultimate load for slab I) was 3$ kN and the 
last recorded deflection, at 37*0 kN, was 4*9 ehh* From 30 however, 
the deflection increased rapidly from 1.2 mm and collapse of the slab 
was clearly imminent.
Figure 8.6 shows the response of gauges at 500 mm from the load axis, 
in which the same general pattern as that for the 100 mm gauges is 
evident. The magnitude of deflection is reduced for these more remote 
gauges, but the points of departure occur at similar loads to those 
noted for the central gauges. The load at departure is approximately 
12 kN for both test slabs, with deflections of 0.11 mm and 0.15 mm 
for tests B2 and I) respectively. These deflections are about 55% 
of the values at 100 mm from the centre, and indicate a similarlity 
in deflected shape of both slabs at this load.
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B2 and D
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Figure&6 Deflections 500mm from the load axis in 
tests B2 and D
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Figure 8.7 gives the deflected forms of both slabs at given 
proportions of collapse load in each case. For test B2, the values 
are taken from the first run to the specified load so that the effects 
of load-cycling, noted earlier, do not influence the response.
At 20% of ultimate load there is no apparent difference between the 
tests, and both central gauges give a deflection of 0.16 mm. Similarly, 
agreement is good between the slabs at 40% of ultimate load, although 
test D generally gives slightly higher deflections. The deflections 
at 70% of ultimate load show a marked difference, with test D giving 
values in the order of 35% higher than those of test B, over the 
central influence basin. The scatter of results, indicated by several 
apparently spurious readings, precludes a meaningful comparison of 
deflected shapes. It is clear, however, that both slabs exhibit the 
initially concave upwards dished shape noted previously for the B series.
8.2.2 Underslab tangential strain
In a similar manner to that for deflection, two strain gauges on each 
slab are examined. In this case there was no central gauge for test D, 
because of pressure cell location, and the most central position will 
be considered.
Figure 8.8 shows the load-strain responses from a central gauge for B2 
and a gauge at a radius of 150 mm for D. The general patterns are 
similar to those for deflection (Figure 8.5), with both tests showing 
marked departures from initial linearity at loads significantly lower 
than ultimate. Departure for B2 occurs at about 12 kN and 55 microstrain 
whilst,for D departure is indicated, on the second load run, at about 
10 kN and 50 microstrain. In the latter case, this is further indicated 
on the third cycle to failure, when a more marked departure from initial 
linearity is apparent. A second distinct depature occurs at about 27 kN 
and 750 microstraih in this case, from which point strains to failure 
increase even more rapidly. For B2, the last recorded value (at 45 kN) 
was IO64 microstrain, and for D a value of 3476 microstrain was 
measured at 37*0 kBT.
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Figure 8.8 Underslab tangential strains near the
load axis from tests B2 and D
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The response of gauges at 600 mm from the centre are shown in 
Figure 8.9, a larger scale being used than for Figure 8.8 since the 
strains were considerably smaller. Some scatter of values is apparent 
for both tests, but these are a few microstrain and are felt to be 
inherent in such measurements.
Figure 8.9 shows that slab 132 gives an initial departure from linearity 
of the strains around 10 kN, corresponding to 7 microstrain, which is 
reflected in all subsequent load cycles. A second departure is indicated 
in the final test, in which an upward curve of the response is evident 
for loads greater than 30 kBT. It is surmised that this upward curve 
indicates strain relief across the gauge due to local changes in slab 
integrity. The second departure occurs at 32 kN and 69 microstrain.
Test D gives a similar overall response, showing both an initial dis­
continuity and a subsequent marked upward departure at increased load.
The first departure occurs at about 11 kN (l6 microstrain), and the 
second departure at 25.5 kN and 86 microstrain. The second departure 
of slab D is far more evident than that for slab B2 which suggests 
greater localised changes possibly due to the formation of a crack 
in closer proximity to the gauge.
The differences in response between gauges near the centre and those 
more remote causes difficulties of interpretation. A single discon­
tinuity was observed in the former case showing an apparent reduction 
of slab stiffness and thereby suggesting a change in material integrity. 
In contrast, the gauge responses at 600 mm from the centre shown here 
give two departures. For both tests B2 and D, these load-strain 
curves display a first discontinuity at loads similar to those at 
which central discontinuity was observed, giving a subsequent decrease 
of effective slab stiffness. This is thought to be an effect of 
material disorder occurring at the centre at the given load, since 
the associated reduction in stiffness would influence the behaviour 
of more remote regions. The second departure of these particular 
gauges indicated strain relief in both cases, which is attributed to 
localised material changes due to the propagation of cracks from the 
central zone. The strains at this second discontinuity of the out­
lying gauges are broadly similar to those measured at the centre when 
discontinuity was observed.
Figure 8.9 Underslab tangential strains 600mm
from the load axis in tests B2and D
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8.2.3 Underslab radial strain
As shown in Section 8.1, the radial strain distribution on the unde re­
side of the slab changes from initially tensile, near the centre, to 
compressive at some distance from the centre. The magnitude of the 
induced compressive strains is far lower than that of the central 
tensile strains which, consequently, implies that the compressive 
strains are non-critical. It is likely, however, that changes in 
slab response due to tensile deterioration will be reflected in the 
compressive strain behaviour. This will be most marked at the position 
of maximum compressive strain, which was generally about 400 mm from 
the axis of loading.
Figure 8.10 shows the largest compressive radial strain measured for 
each test, although it should be noted that these are not necessarily 
the maximum compressive strains. Figure 8.10 a) indicates a change 
in response, for test B2, between 10 kN and 15 kN whilst figure 8.10 b) 
suggests a change between 9 kN and 10 kN for test D. In both cases, 
these changes appear on initial load cycles beyond these loads, but 
the strains at the positions are extremely small (less than 5 micro­
strain). Test D gives a more clearly defined change on the final 
cycle, suggesting a first departure at about 11 kN and a further, less 
marked, change at 25 kN. The values of 8 microstrain and 60 microstrain 
associated with these loads are not significant in compression, but the ' 
loads at these departure points are comparable with those at which 
changes of tensile tangential strain response occurred. It must be 
inferred, therefore, that these changes of compressive radial strain 
curves reflect the more fundamental changes of tensile behaviour noted 
earlier, providing a secondary indication of slab condition.
8.2.4 Top surface tangential strain
Tangential strains on the top surface are consistent with the strain 
distribution for the underside, and are largely compressive as would 
be expected. The magnitude of these strains is generally far lower 
than those associated with compressive failure, which is in accord 
with the lack of noticeable surface spalling when collapse is reached.
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Figure 8.10 Underslab radial strains near the load 
axis for fests B2 and D
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Figure 8.11 shows typical load-strain responses for gauge positions 
near the axis of loading. For both tests a distinct first point of 
departure is indicated, occurring between 10 kN and 15 kN for B2, and 
at about 10 kN for D. The response from test B2 shows some fluctuation, 
but it is not clear whether this is due to material changes or due to 
instrumentation error effects. The compressive deformations at 
departure, of about 20 microstrain and 40 microstrain respectively, 
are not considered significant and, as noted earlier, these departures 
are felt to reflect changes of slab stiffness. The departure loads 
are similar to those for the first departures of underslab tensile 
strain.
8.2.5 Top surface radial strain
The top surface radial strains sensibly follow the general distribution 
noted previously for the underside strains, in this case giving compressive 
strains within the central radius of about 250 mm and tensile strains 
further from the load. The tensile strains are a maximum at approximately 
300 to 400 mm radius and Figure 8.12 shows the highest recorded strains 
for test B2 and test D, although these are not necessarily the maximum 
tensile strains.
The response for B2 shows a general consistency but the slight 
fluctuations do not allow further comment regarding the presence, 
or otherwise, of discontinuities. The strain in test D, at 300 mm 
from the centre, does not differ markedly from zero for loads up to 
15 kN.-but, in the final cycle, a well-defined departure occurs at 
about 17 kN from which point the strain increases with load. A further 
pronounced increase in straining rate occurs between 34 kU and 55 kN. 
Earlier fluctuations of the strain response might be attributable to 
physical effects but these data, in themselves, are insufficient to 
verify this. It should be noted that a crack formed at collapse of 
the test slab at the location of this gauge.
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Figure 8.11 Top surface tangential strains near the
load axis from tests B2 and D
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8.2.6 Subgrade pressure
Figure 8.13 gives the responses of the most central gauge in each 
test. No distinct departure points are shown in either test and 
the pressures increase curvilinearly to failure, at an increasing rate 
for higher loads. Early load cycles for test B2 suggest an initial 
bedding of the test slab, but this is not shown in test D. The 
results suggest that subgrade pressure is not, in this study, a 
sensitive indicator of distress within the slab. The magnitude of 
subgrade pressure is, however, of primary importance with regard to 
the subgrade condition. It should be noted that the central pressure 
responses shown here are not typical of the generally poor quality of 
these measurements obtained during this investigation, and further 
discussion is given in 8.4*3«
8.2.7 Failure mo de
The mode of failure for each test slab is largely similar, and the 
crack-pattem for test D is shown in Figure 8.14 as a typical example. 
The crack-pat terns of each test slab- are given.'in Appendix A.
Figure 8.14 shows that the test slab collapse is described by four 
radial cracks, forming approximate quadrants, and generally one 
circumferential crack between 300 mm and 500 mm from the axis of 
loading. Prior to failure, usually within 5 kN of the collapse load, 
audible warning was detected and resistance to the hand-applied 
hydraulic jack markedly decreased as slab deformation increased. No 
visible signs of failure, however, were evident until collapse when 
the crack pattern formed almost instantaneously.
The failure mode is sensibly explained by the initial formation of 
radial cracks, forming the quadrants, on whioh corner breakage 
subsequently occurs giving circumferential cracking. Small-scale 
tests on plaster models supported on a rubber layer verified this 
behaviour, since it was found that by careful application of load 
the radial cracks could be formed, and loading released, before 
circumferential cracks were produced, A video-tape recording of a 
large-scale slab test allowed the crack propagation to be monitored
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frame-by-frame during collapse, showing the formation of the radial 
cracks prior to circumferential cracks. Interestingly, it appeared 
that the radial oracks propagated from the slab edge towards the 
centre at failure, being consistent with a critical energy release 
at the outer region. In general, the cracks at collapse were wider 
towards the slab edges than across the central portion, and localised 
damage under the loaded area was minimal.
8.2.8 General discussion
The foregoing discussion has outlined the general slab behaviour under 
load, in which it is noted that most measured responses displayed a 
nominally linear initial portion, the extent depending on the position 
of the transducer relative to the load-axis. This behaviour is 
similar to that for simple laboratory tensile specimens but olearly, 
in the case of the slab, there are interpretation problems due to the 
complex stress regime. A study of the literature showed that this 
difficulty has also been recognised by Bonnot (1972), who drew 
attention to the work of de Boissoudy and Mucci (1971) at the LCPC.
Their investigation showed that a 200 mm grave1-cement pavement 
subjected to cycled loading gave satisfactory performance even after 
reaching strains of twice those recorded at failure in uniaxial 
tension. Three million cycles of quasi-dynamic loading, to strains 
greater than those at uniaxial tensile failure, produced no visible 
signs of failure. It is noted that the tests reported here showed 
that strains many times greater than those at failure, in any simple 
tensile test, were induced with no visible signs of distress. Such 
strains were attained, however, beyond the initial linear portion 
and it was observed that there was a reduction in stiffness of the 
slab.
Fossberg (1970), in large-scale tests on soil-oement pavements under 
static loading, considered both the cracked and uncracked conditions. 
In this oase, the oracked pavement was defined as when ‘abnormally 
high1 tensile strains were induced in the base, these appearing to be
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from 150 to 250 microstrain, considerably greater than those associated 
with simple tensile failure of the material. Foss berg subsequently 
examined the differences in behaviour between the ’cracked1 and 
’uncracked* pavements, based on this definition of cracking, implying 
that no visible differences were apparent. It is interesting to 
consider that the degree of cracking as arbitrarily defined would 
have a marked influence on performance.
In general, however, scrutiny of the literature reveals that most 
data regarding the performance of cemented slabs under load has been 
obtained from tests which did not consider failure of the specimens.
For example, Teller and Sutherland (1943) reported on the most com­
prehensive early trial into the behaviour of plain concrete slabs 
overlying subgrade, initiated during the 1930’s by the Bureau of 
Public Roads, at Arlington Virginia. The size and scope of this 
work are still impressive today and the instrumentation on the ten 
test slabs included deflection gauges, electrical resistance strain 
gauges, thermocouples and soil pressure gauges. Maximum loads in 
each case were predetermined to correspond to approximately half the 
measured flexural strength, thus ensuring that failure of the test 
sections was unlikely during the work, and the results show that 
measured top surface strains were never greater than 90 x 10”6 being, 
in general, substantially less. The most far-reaching conclusion arising 
from this investigation was that Westergaard's plate analysis was 
essentially correct even though minor modifications to the basic 
equations (1926) were suggested to better represent the experimental 
findings.
This work set the precedent for many further investigations into various 
aspects of Westergaard’s approach, from experimental behaviour, and the 
implicit assumption that induced stresses comparable in magnitude to 
flexural strength will cause failure appears to have.been accepted 
without specific validation, whilst the generally satisfactory performance 
of pavements designed on this basis have given indirect corfoboration.
\
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At the outset of the investigation reported here, for example, it was 
fully anticipated that loads sufficient to induce stresses comparable 
with the flexural strength would cause failure of the test slabs.
This was not found to be the case, however, and has highlighted the 
need for the definition of meaningful failure criteria.
Perhaps the clearest statement of the problems involved in this type 
of testing can be found from comments in a paper by Childs (1966).
This work, which was undertaken by the PCA, investigated the behaviour 
of cement-treated bases under concrete pavement slabs. The test 
sections were constructed on a remoulded soil subgrade and statically 
loaded to give a maximum tensile strain in the concrete of 100 x 10” .^ 
Supplementary testing included flexural loading of composite concrete/ 
cement-treated material beams, supported on a 25 mm thick rubber pad 
to simulate subgrade support, with strain measurement under the load 
head. Childs commented that these beam tests gave 'failure patterns 
similar to those known to occur in slabs on the ground; ie a tension 
crack in the bottom widened and progressed upward with increasing load 
but the compression in the concrete delayed the appearance of the 
cracks in the concrete surface'. A further observation from this work 
(Childs, 1966), regarding possible continuation of the study to include 
repeated loading, was that 'one of the difficulties encountered is the 
criterion for test termination because the specimens continue to support 
load after almost complete fracture. This same condition exists in 
pavements .....*. Childs also reported that cracking in the composite 
beam specimens was detected at or near a gauge position when the 
response curve deviated sharply from its established slope.
Clearly, these remarks are also applicable to this study and are further 
considered to support the view adopted here regarding the definition 
of a failure criterion in terms of a tensile strain limit. In particular, 
analogous with the post-linear material response of simple tensile tests 
noted earlier, it is felt that the extent of this portion in the more 
complex slab tests is largely influenced by non-material factors.
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Typical transducer responses for measurements of strain, deflection 
and subgrade pressure have been presented. The general behaviour of 
the test slabs show similar main characteristics and all the slabs gave 
an initial linear response. The following points have emerged which 
will influence succeeding discussion:
a) All measurements, with the possible exception of subgrade 
pressures, indicate that departure from the initial linear 
load response, occurs at loads considerably lower than the 
ultimate value. Agreement between responses regarding the 
load at marked departure is generally satisfactory, 
particularly for transducers near the axis of loading. It 
is clear, however, that strain measurements provide the 
most sensitive indication of changes in behaviour.
b) The observed magnitude of underslab tangential strains, and 
the failure modes of the test slabs, suggests that failure 
initiation is a function of a limiting tensile strain 
criterion on the underside. This is in keeping with the 
widely adopted tensile strength failure criterion for 
cemented layers.
c) Strain relief during the post-linear portion, on gauges 
remote from the centre, indicates the presence of localised 
material deterioration and the possible formation of a 
failure route for subsequent cracking.
8.2.9 Overall comment
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It follows that initiation of failure occurs at the centre and, with 
increasing load, the embryo crack seeks the path of the least resistance - 
governed by the induced stress state. The induced compressive strains 
at the surface resist immediate upward propagation and, consequently, 
the failure path is directed radially through the tensile zone.
This discussion suggests that the critical parameter governing the 
test slab performance is the tangential tensile strain capacity at 
the point of marked departure. All measurements undertaken during 
this investigation show that the slab response is essentially linear 
initially, subsequently becoming non-linear to failure with an 
associated reduction of effective stiffness. It is felt that the 
slab has failed, for practical purposes, when the limiting tensile 
strain at the centre is exceeded since a tracking (as distinct from 
a static) load, of the required magnitude, would be likely to 
physically propagate cracking. It follows that the adoption of a 
limiting strain criterion on this basis implies a long (infinite) 
life of the slab under loadings less than critical with a reduction 
in life-expectancy if higher loads are carried.
This is analoguous with the earlier comments arising from the tensile 
stress-strain behaviour of laboratory specimens, in which both 
sustained and repeated loads were considered.
It is therefore proposed that the tangential tensile strains will be 
examined in order to define the primary failure criterion. The 
measurement of other parameters undertaken during this investigation 
provides an overall assessment of behaviour, and enables the perform­
ance to be reliably compared with predicted response. Additionally, 
these data may subsequently suggest a simple method for evaluating 
the material performance.
8.3 Limiting tensile strain
'The individual load-strain curves of all tangential underslab gauges 
were considered in order to compile Table 8.7, whioh presents'a summary 
of departure stains for each test slab. Several points emerged from
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these load-strain responses, which influenced the determination of 
the values shown, and these are noted as follows:
a) The majority of gauges did not show any distinct departures
and were therefore not included. It is felt that, in these
oases, the lack of a distihct change signified that the 
gauges were remote from main crack routes. In addition, 
these gauges were generally 500 mm or more from the centre, 
and the magnitude of induced strain was comparatively small 
which further precluded identifying real changes in response
b) Gauges close to the centre generally showed marked departure 
at comparatively low loads, which sometimes appeared to be 
reflected in changes of response of gauges more remote from 
the centre. In this case, the strains of the central gauges 
are shown, whilst the lower ’reflection* strains of the more 
remote gauges are discounted. For this latter case, however 
the departure loads were noted and shown separately in 
Table 8.8 since they are considered to be indications of 
primary load departure.
o) Distinct departures of response for several gauges some
distance from the centre were observed at higher loads,
and these strain values are included in Table 8.7. It was 
assumed that this implied material changes, in the form of 
crack propagation near the gauges. Certain of these values, 
however, appear inconsistent possibly because they reflect 
changes which are not in close proximity and are not there­
fore represented by the observed strain.
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Table 8.8
Summary of first departure load
Test Gauge position (mm)
Centre 400 500 600
A' 11.0(50)
. Bl 10.0(50)
.12.0
(20)
13.0
(.15)
B2 12.0 ■ (55)
10.0
(7)
B3
G
D 12.0(25)
11.0
(16)
Note: Figures in brackets ( ) represent strains in
microstrain
Table 8,7 shows that there is generally some agreement between the
departure strains for a given test, but that there are certain
anomalous values as indicated earlier. It should be noted that, for
a given test, associated departure loads would be expected to increase 
with increasing gauge position, and that reasonable agreement between 
the B series is anticipated. Results for test C are necessarily limited 
because the recorded transducer responses were somehow affected by 
external factors which produced distinct ’spiking1 of the results.
This largely precluded a reliable assessment of strain departures.
From the foregoing it is considered that the strain values shown in 
Table 8.7 for test B3 at 500 mm, and for I) at 400 mm, are not represent­
ative. In the former case, the departure in response of the gauge at 
500 mm at a load of 22 kN is felt to be a reflection of the change
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indicated closer to the load axis at 300 mm, for the same load. The 
departure of the 400 mm gauge in test D is similarly considered as a 
consequence of a change remote from the gauge.
In general, it is thought that the changes indicated by outlying 
gauges, beyond the primary influence zone near the centre, are not as 
reliable as those in closer proximity to the major area of disruption 
since reflected changes are more likely to influence the responses.
Table 8.8 summarises the loads at first departure of the individual 
load strain curves, in which it is considered that these departure 
loads reflect major changes in slab performance initiating from the 
critical loaded zone. It should be noted that the gauge positions 
showing these departures were all near the craoks formed at collapse. 
It is clear from the limited data in Table 8.8 that comparatively few 
gauges from each test slab showed any marked changes in response.
Thus, as noted earlier, the data presented in both Table 8.7 and 8.8 
are based on a relatively small number of observations amongst the 
many undertaken.
It should be emphasised, however, that all strain responses displayed 
non-linearity to some extent and could consequently provide departure 
values of load and strain. This would undoubtedly cause confusion 
because the effects due to reflected changes would be largely 
unquantifiable.
The method of interpretation adopted is a compromise since it is 
considered that marked changes of response must be associated with 
major structural changes of a brittle material, under any practical 
tensile stress state. It follows that such material changes, corres­
ponding to crack initiation, will be marked at the position of maximum 
tensile stress but subsequently less apparent with gradual crack 
propagation. This is sensibly indicated by the results examined in 
this manner, but the method naturally leads to the exclusion of many 
observations simply because the gauge positions were ultimately remote
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from the major regions of crack initiation and propagation. It is 
considered, therefore, that the data given in Tables 8.7 and 8.8 
allow a judicious choice of limiting strain and, for the particular 
tests undertaken,of the associated limiting load.
Table 8.9 therefore gives values of critical strain and critical load 
for each test, based on Tables 8.7 and 8.8. These are felt to 
represent the extent of elastic behaviour and, consequently, the onset 
of failure. The term 1critical’ will subsequently be applied to 
indicate this condition, whilst the parallel terms 'ultimate’ and 
’collapse' will be used to denote the end condition of the slab tests.
Table 8.9
Summary of critical strains and loads
Test Critical tensile 
strain (x 10-6)
Load (kN)
A 50 11
Bl 50 10
B2 55 12
B3 60 12
C 70 9
D 50 10
8.3.1 Evaluation of critical strains
Comparison of tests A and B, in Table 8.9, shows that the critical 
strains are similar, ranging from 50 to 60 micro strain. The differences 
between the B series are not thought to be significant although, as 
discussed previously, differences in strength and elastic modulus were 
noted. These were relatively minor though, having little influence on 
the slab behaviour, and it is felt that a representative critical strain 
value of 55 microstrain is reasonable for all three tests. Test A 
agrees satisfactorily with this value, as might be expected, since the 
mixes used for both test series were nominally equivalent.
Tests C and D both used the leaner mix but, in contrast, Table 8.9 
shows a clear difference between their critical strains. However, 
it should be noted that the test C responses were subject to con­
siderable external disturbance, and that the value for test G is 
uncorroborated. The result for test D is based on more consistent 
readings and, therefore, felt to be a better estimate of critical 
strain for the leaner mix in the given loading arrangement. The 
difference in support condition for these two tests is unlikely to 
have influenced the magnitude of the critical underslab strain in 
this discussion.
As a consequence, it appears from these results that there is very 
little difference between the critical strains of either of the mix 
types tested, and that a value of 50 microstrain would be practically 
applicable. It is emphasised, however, that small but real differences 
would be expected which perhaps further tests would resolve.
8.3.2 Evaluation of critical loads
Tests A and B differ ostensibly in the slab thickness, being nominally 
100 mm for- the former and 75 mm for the latter. Table 8.9 ahows little 
difference between the loads at departure for these tests. In contrast, 
test C indicates a lower load than those for test B, in keeping with 
the reduced strength and elastic modulus, whilst test I) shows reasonable 
agreement with test C, suggesting that the change in support had little 
effect on the initial response.
Nevertheless, the broad agreement of departure loads is somewhat 
surprising. In particular, the similarity between test A and B 
implies an equivalence of performance which would not be expected in 
practice. Simple elastic considerations, based on differences of 
depth, suggest that slab A should in practice carry about 75% more 
load and this will be considered further in Chapter 9 when a com­
prehensive examination of test behaviour is made.
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8.3-3 Comparison of critical strain in test slabs with tensile 
strain of laboratory specimens
The earlier discussion regarding the material properties determined 
in the laboratory considered tensile strains in uniaxial tension and 
flexural tension. Departure and ultimate values were presented in 
each case and Table 8.10 has abstracted these data (from Table 7-6), 
for an age of 7 days, together with the critical strains determined 
from the slab tests. It can be seen that, with the exception of 
test C, the closest agreement of the slab critical strains is with 
the departure strains in flexure.
This is not altogether unexpected, since the flexural test has long 
been considered as semi-simulative in its action to that of material 
in a pavement. It is clear, however, that a rather more complex 
stress state is induced under a pavement than that on the underside 
of a beam. Nevertheless, it should be noted that the vertical 
compressive stress on the underside of the slab is minimal at the 
critical level, and that biaxial tensile stresses, as induced on the 
slab underside, have been shown to have little or no effect upon the 
tensile strength (Kupfer et al, 1969; Nelissen, 1972) or tensile 
strain (Tasuji et al, 1979)-
Thus, it is felt that the general indication that there is some 
agreement between slab critical strains and flexural departure 
strains may not be unfounded. It is consequently proposed that the 
departure strain values from the flexure test represent the limiting 
strains for the slabs and, since these results are based on considerably 
more data values, they are felt to be more reliable. Clearly, 
additional data from the slab tests would be required to support or 
refute this proposal but, at this stage, there appears to be sufficient 
justification.
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8.3.4 Overail comment
Tensile strain criteria which are considered to he critical regarding 
the test slab performance have been presented together with the 
associated loads. It appears that these critical strains are similar 
to those observed at departure in flexural tension tests. These 
strains represent the extent of linear material response and are 
consequently felt to be fundamental material properties.
It follows that it would be desirable to infer the condition of the 
cemented layer from more readily determined measurements. Therefore, 
the slab responses are considered below in terms of the other measured 
parameters.
8.4 Critical response in terms of tou surface strain. 
deflection and vertical subgrade stress
This Section examines the slab responses at critical loads in terms 
of surface strains, deflections and subgrade pressures. The central 
positions only are considered and, where necessary and practical, 
values are interpolated from the observed distribution.
8.4.I Tangential strain of the top surface
The tangential top surface strain was not measured directly under the 
loaded area on any test slab, since the gauge would be affected by 
the high local stress distribution. Since it is clear that there are 
difficulties of interpolating realistic central strains, due to the 
considerable non-linear strain gradient over the critical area, it is 
considered more meaningful to compare gauge responses for similar 
positions on both the top and bottom surfaces.
Figure 8.15 shows a typical comparison from both test B3 and test B, 
in which two similar gauge positions were considered in each oase.
With the exception of the gauges at 500 mm in test I), it is felt that 
reasonable agreement is shown between compressive and tensile strain 
up to the critical load. The disparity of response for the 500 mm 
gauge in test D, in which the compressive strain develops more rapidly
-  166 -
Figure 8.15 Tangential strain comparison;tensile 
and compressive faces
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than the tensile strain, is exceptional. It is suggested that, in 
this case, the cast-in tensile gauge may not have been located 
correctly after completion of casting.
Satisfactory agreement was generally observed for all test slabs 
between the tensile and compressive faces up to the critical load, 
and this is considered to confirm both the implied elastic behaviour 
to this load level and the satisfactory response of the embedded 
strain gauges. It should be noted that the tensile response would 
be expected to be slightly lower than the compressive response due 
to the within-slab location of the oast-in tensile gauge. The 
reduction, of approximately 7% assuming simple elastic behaviour, 
is practically insignificant over the range of strains considered.
A marked divergence of response is observed at higher loads, analogous 
with the neutral axis shift of flexural specimens, whereby tensile 
strains tend to increase more rapidly than compressive strains. The 
general scalar equivalence of top and bottom tangential strains, at 
least up to critical loads, suggests that top surface strain measure­
ments could adequately define the elastic strain of the bottom surface. 
It similarly follows that radial strains are equally reflected although, 
as previously noted, the radial strains induced in the slab tests are 
not primary distress indicators. It is clearly not satisfactory to 
consider this equivalence at elevated load for strains greater than 
the prescribed critical values.
8.4.2 Deflections of the top surface
In contrast with the tangential strain distribution, the slab dis­
placements do not display a particularly severe gradient over the 
central section,maintaining a physical continuity.
Deflected forms of slabs B2 and D were presented earlier (Figure 8.7) 
and profiles at 20%,. 40% 70% of ultimate load were shown. Critical
loads are in the order of 20% of ultimate loads and at this load level 
Figure 8.7 indicates that it is justified to interpolate critical 
central deflections with confidence.
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Table 8.11 gives the estimated central deflection for each slab at the 
appropriate critical load and the rate of deflection based upon these 
values.
Table 8.11
Estimated central deflections at critical load
Test Critical
load
(kN)
Central
deflection
(mm)
Deflection 
per unit load 
(mm/kN)
A 11 .12 .011
Bl 10 .16 .016
B2 12 .18 .015
B3 12 .20 .017
C 9 .17 .019
D 10 .21 .021
Comparison of test A and tests B shows a distinct difference in central 
deflection at the critical load, which reflects the difference in 
thickness of the test specimens. It follows that the thicker slab 
will deflect less for a given applied load and this is most clearly- 
seen from the deflection fate. Table 8.11 shows that the 100 mm slab 
(test A) displaces at .011 mm/kN whilst the 75 nun slab (B series) 
deflects at an average of .016 mm/kN. This 45% increase in rate of 
displacement is primarily a function of the difference in slab depths 
and, therefore, stiffness although it is noted that the slight variation 
in elastic modulus values will also have an effect.
Test C, which differed from the series B tests in mix type, has a 
central deflection rate of .019 mm/kN. The difference between this 
value and that of .016 mm/kN for the B series, is largely due to the 
change of modulus.
The effect of thicker rubber support is given by a comparison of the 
test C and test D results. Test D gives a deflection rate of 
.021 nm/kN whioh increase is partly attributable to the increased 
displacement of the supporting layer.
The differences in rate of displacement of the top layer are influenced 
principally by factors affecting the slab stiffness and the displacement 
characteristics of the underlying layers. Consequently, the deflection 
rate as indicated by displacement of the top surface is a property of 
the overall configuration and, as such, is unlikely to provide anything 
except a qualitative assessment of general performance.
8.4.3 Vertical stress under the slab
It is considered that, in general, the observed pressures were not 
consistently reliable. Figure 8.16 gives the pressure distribution 
for all tests (except for test A) at 70% of ultimate load. No 
pressure measurements were undertaken for test A, but these were 
introduced on subsequent test series to provide a more complete 
performance description.
The general scatter of results is clear from Figure 8.16, these 
being typical of observed pressures at all loads. It should be 
noted that the gauges were checked after each test and found to be 
functioning satisfactorily and great care was taken in positioning 
the pressure cells. It must be inferred, therefore, that satisfactory 
contact between the diaphragm and the rubber subgrade was not 
achieved.
The actual pressure distribution beneath the slabs is broadly similar 
in form to the deflected profile, having a maximum at the centre.. It 
is felt that the measurements undertaken indicate, in general, that 
recorded values were lower than the true pressures. This is particularly 
apparent from Figure 8.16 a) where the nominally comparable results 
for the B series exhibit both a marked within-test, and a between-test, 
variability. It is pointed out that such differences between tests 
were not evident either from the deflection measurements o.r from the 
strain measurements.
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The later tests, C and D, show more reasonable distributions although 
there is still scatter which tends to preclude reliable estimation of 
central response. It should be noted, however, that the last test 
(D) used two pressure cells at the centre, one cast-in, as normal, 
the other on the underside of the subgrade rubber in the laboratory 
floor. The two gauges showed close agreement throughout the test, 
and this is shown in Figure 8.16 b). Test D,therefore, is the only 
test in which the central pressures are considered reliable. It is 
clear however that the observed pressures cannot, in general, be 
reliably extrapolated to estimate central pressure, although it is 
felt that the values may give an indication of the order of magnitude.
An attempt was made to utilise these data in a numerical integration 
method, by which the pressure distribution was estimated. The two 
basic assumptions were that, firstly, the observed pressures were 
unlikely to overestimate the true pressure and, secondly, that 
negative pressures indicated an uplift and could therefore define 
the extent of the positive pressure basin. The method is outlined • 
in Appendix B.
Table 8.11 shows the central underslab pressures, estimated on this 
basis, at the critical loads.
Table 8.11
Estimated central pressures at critical loads
Test Observed critical 
load 
(kff)
Estimated central 
underslab 
pressure (kN/m^ )
Applied central 
pressure 
(kN/m2)
A 11 not measured 620
Bl 10 5 565
B2 12 6 680
B3 12 6 680
C 9 6.8 510
3) 10 5.5 565
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The central pressure recorded in test D at the critical load was 
5 kN/m2, which is in reasonable agreement with the estimated value 
in Table 8.11. The other pressures shown are similarly felt to be 
reasonable estimates of the actual values and it is considered 
that, whilst not being wholly validated, these results show that 
the slabs provide a very effective load spreading action. The 
central pressures induced are largely insignificant although it 
should be noted that the subgrade properties will influence the 
induced vertical stress.
8.4*4 Radius of curvature
The radius of curvature offers a means of defining the deformation 
at the central position by a single parameter, based on generally 
convenient deflection measurements. Although more complex than 
simple beam bending, it is likely that radius of curvature measure­
ments for the slab case would correlate with induced strains.
Consequently, attempts were made to utilise the observed deflection 
data to determine radii of curvature at both the critical load and 
approaching collapse load. Techniques included: using only measured
deflection data.by visually estimating displacements closer to the 
centre; extending the observed data using regression analysis based 
on nte degree polynomial functions. In each case central deflections 
were estimated and, in the first two methods, a spherical deformation 
surface was assumed in order to calculate the radius of curvature.
These attempts were not successful and, in general, each technique 
gave dissimilar results for a given case. It is felt that this is 
due largely to ill-conditioning since the relevant quantities are 
of contrasting extremes of magnitude and the estimated radius of 
curvature is consequently very sensitive to changes in deflection. 
This is naturally unacceptable when estimates of central deflection 
are used. In addition, the necessary assumptions of deformed shape 
will detract from accuracy, although it is considered that for these 
cases the errors arising from the shape approximations are negligible 
compared with those induced by ill-conditioning.
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8.4.5 Overall comment
The foregoing discussion has presented an evaluation of slab response 
at critical loads in terms of the secondary performance indicators.
In particular it has been seen that the top surface strains are in 
agreement with the underside tensile strains, at least up to critical 
loads, allowing the elastic tensile strain to be determined from the 
slab top compressive strain. It is unsatisfactory, however, to 
consider this equivalence at higher loads.
The deflections at critical loads are not, as such, related to the 
induced strains since these are dependent upon the deformed shape 
which cannot be uniquely described by the central deflection. The 
radius of curvature offers a sounder basis for assessing the dished 
shape and, therefore, the induced strains. In spite of the difficulties 
of implementation encountered here, it is felt that this method might 
provide a qualitative evaluation if a standard test procedure is 
adopted. This is clearly along the lines of the technique presently 
used for pavement condition assessments (Kennedy & Lister, 1978).
Vertical stresses beneath the slab are not primary indicators of slab 
condition and cannot, therefore, provide a convenient means for 
judging the performance. These stresses are directly related to the 
condition of the underlying material, however, and are consequently 
important regarding the overall serviceability. It is emphasised 
that the subgrade properties will affect the induced stresses whilst 
influencing the effect that these stresses have on the subgrade 
itself. Although the pressure measurements undertaken during this 
test programme were not consistently reliable, these data illustrate 
the extremely effective load-spreading action which a cemented layer 
contributes in pavement construction.
8.5 Estimating strains from modulus and strength
The results presented in this Chapter have suggested that test slab 
performance is governed by a critical tensile strain parameter, and 
that the critical values are similar to the departure strains in
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simple flexural testing. It has been inferred that the material response 
is linear elastic up to the critical level, which implies that the 
attractive predictive technique utilising tensile strength and elastic 
modulus might provide a convenient means of estimating critical strain.
The use of statically determined elastic modulus values is, by 
definition, precluded since these necessitate the determination of 
the stress-strain curve. Thus, only the dynamic elastic modulus will 
be used here since it fulfills the main requirement of convenience. 
Furthermore, the cylinder splitting strength will not be considered 
because the flexural and uniaxial tensile values usually represent 
extremes of strength and, consequently, the general relationship will 
be shown. It is recognised that the direct tensile strength is not 
a standard test, and therefore is rarely measured, but it remains a 
fundamental property and subsequently merits inclusion. In any case, 
appropriate values of uniaxial strength can normally be estimated 
from other determined properties and these may be of sufficient 
accuracy to enable a pavement designer to select the relevant 
failure strain. ^
8.5.1 General
The stress-strain behaviour of cemented materials has been widely 
examined under various stress regimes, and it has been established 
that simple Hookean relationships do not hold since non-linearity is 
displayed. Nevertheless, several workers have considered the strength- 
modulus ratio as a qualitative method of assessing crack susceptibility 
of such materials. Wright (1956) made early use of this technique for 
evaluating the change of cracking resistance of paving-quality concrete 
when certain modulus-reducing admixtures were incorporated. More 
recently, Kolias and Williams (1978) used a similar concept to determine 
the changes in crack susceptibility of various cement-stabilised 
materials when the type of treated material, and the cement contents, 
were varied. Taylor (1977) further used the strength-modulus ratio in 
order to identify the most critical period for lean concrete bases so 
far as cracking is concerned.
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In general, the ratio of strength and modulus has been used as a 
guide to performance in terms of a loosely defined strain capacity 
with no correlation made with actual stress-strain response.
The work of Houghton (1976) provides an exception since the prime 
objective was to produce a simplified method of estimating ultimate 
tensile strains of concrete suitable for massive structures. Houghton 
related the strain capacity measured in flexure with the strength- 
modulus ratio and an additional component compensating for specific 
creep. All the mixes tested used low heat cement and a fly-ash 
pozzolan, being prerequisites for such concrete, and maximum 
aggregate size was 150 mm to 37.5 nmi. Strains at discontinuity were 
not considered, and Houghton found reasonable agreement between 
observed and predicted failure strains. Ultimate strains are probably 
an acceptable limiting criterion for these types of structure but, in 
pavement design, this would constitute an unacceptable failure.
8.5.2 Relationship between direct tensile strength and 
dynamic modulus
Figure 8.17 shows the ratio of uniaxial tensile strength and modulus 
plotted against the log of critical flexural strain. Although limited, 
these data suggest a linear relationship and a possible correlation is 
given on the Figure, based on a visual assessment. Whilst further 
experimental values are essential to supplement the results shown, it 
is noted that at this stage the relationship appears independent of 
mix type and age at test for the variables considered.
8.5.3 Relationship between flexural tensile strength and 
dynamic modulus
Figure 8.18 shows a similar relationship to Figure 8.17 but in which 
flexural strength is used with dynamic modulus. Slightly greater 
scatter of values is evident due/it is fel't, to the generally-more 
variable nature of the flexural stress-strain response as noted 
earlier. A visual linear correlation is, however, suggested and the 
equation is given on the Figure. It should be noted that the form of 
the line is similar to the previous relationship and indicates a simple 
correlation between flexural and uniaxial tensile strengths for these 
mixes.
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figure 8.17 Relationship between flexural departure 
strain and tensile strength/elastic modulus
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Figure 8.18 Relationship between flexural departure 
strain and flexural strength/elastic modulus
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The relationships presented in Figures 8.17 and. 8.18 are felt to 
provide a reasonable estimation of critical strains for the two mixes 
considered. These relatively limited data, applying to three ages of 
test, suggest that the relationships are lineal and independent of 
either mix type or age at test. It is clear, however, that further 
tests would be necessary to augment these results. There is relatively 
little published information on the flexural stress-strain behaviour of 
cemented materials and, generally, such data available are restricted 
to end-point strains.
Kaplan (1963), however, provides an exception since his investigation 
included flexural testing of various concrete types, and the measure­
ment of departure strains. This work does not, unfortunately, report 
appropriate values of elastic modulus although Kaplan showed that 
flexural departure strains were related to the volume of coarse 
aggregate. For coarse aggregate volume fractions increasing from 
zero to 53*8%, flexural departure strains at 28 days decreased linearly 
from 162 microstrain to 85 microstrain. No difference was sported 
between limestone or gravel aggregate type, nor between the water/ 
cement ratios of 0.5 and 0.6.
The two mixes in this investigation have coarse* aggregate volume 
fractions of 47.0% (168 mix) and 48.7% (ll6 mix) with critical strains 
in flexure, at 28 days, of 76 microstrain and 41 microstrain respectively 
Kaplan’s results indicate values of 95 and 92 microstrain respectively 
for similar volume fractions^ suggesting that the considerably higher 
water/cement ratios of the wet-lean concretes of this investigation 
lead to a reduction in departure strain. This is further supported 
by Houghton (1976), who found that the strain capacity (ultimate 
strains) increased with cement content in keeping with the results 
from this investigation. It should be noted, however, that the results 
at 2 days for the wet-lean concretes were not in agreement with this
8.5.4 General discussion
* Material retained on a 5 m  sieve
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general trend since, as discussed earlier, ultimate flexural strains 
were greater for the leaner mix than the richer mix. This was con­
sidered to reflect greater plasticity of the lean mix at early ages.
The lack of published work related specifically to flexural departure 
strains has precluded a comparison of the predictive relationships 
suggested for the wet-lean concretes with results for other cemented 
materials. The prediction of critical strain is, however, considered 
of major importance for pavement design. Therefore, in the absence 
of suitable critical strain data, a more general comparison between 
predicted critical strains and observed ultimate strain will be made, 
based on results of Houghton (1976) and Otte (1972). These investigations 
cover a broad spectrum of concrete types, the former examining strain 
capacity of mixes for mass concrete work and the latter assessing 
flexural response of cement-treated crusher-run bases, which might 
therefore be expected to expose major shortcomings in the predictive 
relationship.: The marked limitations of the following comparison are 
recognised but no more appropriate data has been found.
Otte's results are for specimens taken from in-service pavements, aged 
between six and eighteen months, and although the effects of trafficking 
cannot be assessed, the generally high modulus values suggest that the 
test pieces are essentially undamaged. In contrast, Houghtons results 
are for laboratory specimens made under stricter control, and in both 
cases static elastic modulus values were determined. These have been 
increased by 25% to better represent dynamic values (Kolias & Williams, 
1973) and is considered reasonable in the absence of actual results and 
unlikely to incur marked error.
Table 8.12 gives the abstracted data and shows the computed values of 
critical strain. Critical strains were in all cases less than the 
ultimate value, ranging from 36% to 64% of ultimate for Houghton's 
results, and from 24% to 54% fon Otte's values. This general range 
is encouraging since these results are in keeping with observations 
regarding the linear extent of the stress-strain responses for 
cemented materials ('Kaplan, 1963; Welch, 1966; Otte, 1972) but,
Table 8.12
Comparison of computed flexural strain with strain at failure
Results
after
Age
(days)
Flexural
strength
(MN/m2)
Equivalent*
dynamic
modulus
(GN/m2)
Strain** 
at 
failure 
(x 10“®)
Estimated*** 
critical 
strain 
(x 10“6)
£-Crit
£Fail
(%)
7 .75 22.4 45 25 56
7 1.07 23.9 77 31 40
7 2.58 37.9 118 50 42
Houghton 28 1.27 27.2 71 32 45(1976) 28 1.83 25.1 106 55 52
28 3.39 38.3 118 75 64
90 1.83 37.3 95 34 36
90 2.00 24.5 124 65 52
. —j CD 20.5 114 27 24
1.39 23.1 113 42 37
1.42 22.6 120 45 38
Ages from 2,05 25.7 134 63 47Otte 6 months
(1972) . to 2.27 22.6 178 96 54
18 months 2.65 38.7 ■ 160 50 31
2.68 29.7 181 78 43
3.07 34.9 145 74 51
3*66 47.1 143 60 42
Static elastic modulus x 1.25 (see text)
Results of Otte (1972) based on calculation from deflection response 
From Figure 8.18
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clearly, specific work is required in this direction* In particular, 
measured values of dynamic modulus and critical strain together with 
either flexural or uniaxial tensile strength are required.
8.2.5 0ve rail c omment
Two relationships have been suggested to estimate critical flexural 
strains from the more easily measured properties of electrodynamic 
elastic modulus and either flexural or uniaxial tension strength.
These limited data, for two mix types at ages from 2 to 28 days, 
indicate that the relationships are independent of both these factors 
within the range considered. Since the period of test examined con­
stitutes the major development of hardened properties, it is con­
jectured that these relationships may be applicable for ages 
significantly greater than 28 days.
The comparison of predicted critical strain with ultimate strain in 
flexure for two diverse cemented material types doe not, of course, 
enable the general applicability of the relationships to be evaluated. 
This comparison does, however, suggest that the method merits further 
work and this is recommended. It follows that suitable equations or 
design charts, on the basis of simple laboratory data, would greatly 
assist the pavement designer to select relevant failure strain 
criteria.
Table 8.13 presents a tentative approach, in which typical strength 
and elastic modulus values for concrete are shown to enable critical 
tensile strains to be chosen, based on the work undertaken here. It 
is emphasised that the Table is based on extrapolation from the 
determined properties of the two wet-lean concretes and it is noted 
that the relationship is complex in nature since, in particular, age 
will influence all three parameters by various amounts throughout the 
lifespan. Nevertheless, the Table shows that critical strains are more 
sensitive to changes in mix strength than in modulus, which implies 
that an increase in performance would be anticipated with age.
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A simple method for predicting failure criteria of cemented materials 
along the lines shown here is an attractive proposition and it is clear 
that the parameters used are reasonably convenient. Additionally, 
however, there are further possibilities for simplification such as 
the use of cube strength alone, say, in order to define both the 
tensile strength and the elastic modulus. At this stage, though, 
particular emphasis should be directed towards an extension of the 
results given here for wet-lean concrete to establish whether or 
not such a method is viable.
Table 8.13 
Estimation of critical tensile strain
Critical tensile strain 
(x 10-6)
Uniaxial tensile strength (M/m2)
0.75 1.00 1.25 1.50 1.75 2.00 2.25
25 34 47 66 ■91 * - -
Electro dynamic 30 29 37 50 66 86 - -
modulus (GN/m2) 35 25 32 41 52 66 82 -
40 23 29 35 43 53 66 80
* Predicted values greater than 100 which lie outside the experimental 
range.
8.6 Summary comment on laboratory slab tests
This Chapter has presented results from the slab tests undertaken 
during this investigation. The behaviour of two wet-lean concrete 
mixes has been examined under several large-scale test configurations 
in order to identify meaningful design failure criteria. Difficulties 
of interpretation of the results have been discussed and an appraisal 
of these data has been made.
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The main finding arising from the tests is the primary importance of 
tangential tensile strains in relation to slab condition. Although 
non-linear responses of most transducers were observed, attributable 
to decreasing slab stiffness associated with structural deterioration, 
the tangential tensile strains provide the most sensitive indication 
of such changes.
Analogous with the views, propounded by others (Newman, 1968; Lowe, 1978 
Kotsovos & Newman, 1979) regarding the stress-strain behaviour of 
cemented materials, it is considered that the extent of the nominally 
linear slab loading response oonsitutes the limit of serviceability. 
Loadings beyond this limit lead to crack propagation and subsequent 
accelerated structural breakdown. It is therefore proposed that 
these critical strains represent conservative but fundamental 
failure criteria.
The overall performance of the layered structure will be governed by 
factors such as loading, environment and design which will influence 
the rate of loss of serviceability when limiting criteria are 
exceeded.
It is conjectured that the prediction of this further life expectancy 
will remain an inherently complex problem, even if suitable fatigue 
data are available, and such predictions are unlikely to yield 
generally applicable results. A recent analytical study at Berkeley 
has considered this aspect of cemented base performance (Raad et al,
1977).
The critical tensile strains obtained from the slab tests appear 
similar to flexural departure strains from a simple laboratory 
bending test, and it is suggested that these data may be used to 
provide appropriate failure criteria. In addition, a simplified 
method for estimating these strains is presented, based on generally 
more readily available material performance descriptors. Avenues 
for further intensive study are clearly indicated from these test 
findings.
-  184 -
The following Chapter presents a comparison of the experimental slab 
behaviour with that predicted by several analytical methods, and the 
discussion examines more fully the use of a tensile strain failure 
criterion.
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9 EVALUATION OF THE LABORATORY INVESTIGATION
This discussion initially provides an assessment of the large-scale test 
slab performance compared with that predicted by several analytical 
methods. Load-carrying capacity is estimated using two different 
criteria of failure; limiting tensile stress and limiting tensile 
strain.
The subsequent discussion considers the overall test response in 
relation to the BISTRO idealisation and attempts to identify the most 
important characterising parameters.
9.1 Comparison of observed and predicted load-carrying
performance
Four methods of analysis were considered, three designed for pavement 
application (Westergaard, 1926; Peutz. et al, 1968; Thrower, 1968) and 
the fourth specifically describing finite uniformly-supported slabs 
(Meyerhof, 1962). These methods were discussed earlier in Chapter 4«
Westergaard's pioneering analysis for concrete pavements has found practical 
application particularly in the United States and, with occasional 
refinement, has been established for over fifty years. The more recent 
work of Meyerhof (1962) models the ultimate load-carrying capacity of 
concrete pavements. Plastic theoiy is utilised in this case to account 
for the observed limitations of elastic theory as failure is approached.
In contrast, the other two methods are based on linear elastic layer 
theory and both are in the form of computer programs. The methods for 
solution of the governing equations are, however, different and it is 
noted that the Shell Oil company program, BISTRO (Peutz: et al, 1968), 
is the more flexible. The TERL developed program (Thrower, 1968) used 
here only provides solutions for axial positions under the single 
loading footprint, whilst BISTRO can handle several load positions and 
can provide solutions at any point. A more recent version of the TERL 
program than the one used here provides a similar problem-solving 
capability to that of BISTRO (Thrower, 1971).
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Table 9«1 summarises the material descriptors used, as appropriate* in 
the analyses. The modulus of subgrade reaction (k) is given in both
5.1 and Imperial units since it is felt, in this particular case, that 
the traditional units provide a more meaningful engineering description 
than the current S.I alternatives. Both 3- and 4-layer configurations 
were analysed, and later discussion assesses the influence of these, 
and other, factors upon performance estimates.
Criteria chosen to represent serviceability limits in this initial 
analysis were both tensile strength and tensile strain. Flexural 
strength was used for the former case, since the test is considered 
semi-simulative and widely viewed as a useful pavement design parameter. 
It also provides the most optimistic strength-based estimate of per­
formance which would be reduced accordingly if either cylinder splitting 
or uniaxial tensile strengths were used. The critical strains determined 
from the experimental study were similarly used in this investigation.
9.1.1 Load-carrying capacity based on flexural strength
A comparison between predicted failure loads, based on a flexural 
strength limiting criterion, and observed values of collapse load and 
critical load is shown in Table 9*2. Only results for the 4-layer 
configuration are given for the multi-layer analyses, since these 
were very similar to the 3-layer values although slightly lower in 
each case. The increased failure loads suggested from the 3-layer 
case are due to the effective stiffening of the underlying layers 
when compared with the 4-layer assumed configuration. The parametric 
study considers these changes in greater detail subsequently.
Table 9»2 shows that agreement between the elastic multi-layer 
analyses is good, as might be expected, and that Westergaard's approach 
yields broadly similar results. The BISTRO values of failure load are 
intermediate between the upper and lower bounds given by the Westergaard 
and TEEL solutions respectively, the differences being generally within 
- 6% which may be considered equivalent for practical purposes. It is 
clear, however, that these predicted loads are far lower than the actual 
collapse loads (20% or less) and show far closer agreement with the
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Table 9.1
Parameter values initially assigned for the analytical study
Layer
no
Description Parameter® Slab series
A Bl B2 B3 C D
1 Test slab
E(GN/m2)©
d(mm)
30 30 28 28 27 27 
0.13 in each case 
100 75 75 75 75 75
2 Support
rubber
E(M/m2)
V
d(mm)
k(psi/in)@
k(kN/m2/mm)@
0.45)
) in each case 
0.30)
18 18 18 18 18 36 
150 150 150. 150 150 90 
40.7 40.7 40.7 40.7 40.7 24.4
3 Laboratoryfloor
E(GN/m2)
d(mm)
35 )
~ iQ< assumedU • -Lo J ( ,< in each case 
250 )
4 Underlyingsupport
E(MN/m2)
V
< assumed
0 40) eacil case
Notes 1. E,tf,d represent elastic modulus, Poisson’s ratio and depth 
respectively. Values are assumed for layers 3 and 4.
2. Based on measured electrodynamic modulus values 
(Kolias & Williams, 1978).
3* k is the modulus of subgrade reaction, determined from 
rubber support displacement.
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Table 9.2
Predicted failure loads based on flexural strength
Slab test 
series
Flexural
strength
(MN/m2)
Predicted failure load {kN ) Observed loads (kN )
BISTRO TERL Westergaard Meyerhof Collapse Critical
A 2.41 16.6 16.5 17.7 53.2 - 11
Bl 2.29 9.8 9.3 10.3 28.7 55 10
B2 2.12 9.2 8.7 9.5 26.7 52 12
2.24 9.7 9.1 10.1 28.2 51 12
C 1.56 6.7 6.3 7.0 19.6 44 9
D 1.80 7.3 6.9 7.7 22.4 38 10
Notes i) BISTRO and TEEL results shown for 4-layer configuration,
ii) Westergaard analysis for central loading oase
-  189 -
determined critical loads. With the exception of test A, for which 
the surprisingly low critical load was commented on previously, the 
predicted values are generally about 75% oD the critical loads.
The Meyerhof analysis gives much higher failure loads than the elastic 
analyses but, again, it is apparent that these remain substantially 
lower than the observed ultimate loads. In this case the predictions 
are 45% to 59% of the collapse loads, or two to three times greater 
than the critical loads.
Table $.2 shows that all the analytical methods predict poorer perform­
ance of test C than test D, which is contrary to the observed behaviour 
at collapse but corresponds to the difference in slab response at 
critical load.
9.1.2 Load-carrying capacity based on critical strain 
The following comparison is made hsing only the. BISTRO analysis as it 
is considered unnecessary to show the essentially identical results 
from the parallel, but less flexible, TEEL layer solution. In addition, 
the Westergaard and Meyerhof approaches are not formulated in terms of 
strain and are consequently not used.
Table 9*3 presents the predicted failure loads, based on observed values 
of critical strain, together with the collapse load and critical load 
determined from experiment.
This comparison is considered as essentially a check on the analytical 
representation used to obtain these preliminary solutions since, by 
definition, the predicted loads based on critical strain values and 
the observed critical loads should be identical. The Table shows that 
the values of predicted load and the values of critical load do not 
agree and, with the exception of test C, the predicted values are lower 
than those determined previously on the basis of flexural strength. 
Because of the fundamental implication of this lack of satisfactory 
agreement, it follows that further detailed comment at this stage is 
not meaningful.
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Table 9.5
Predicted failure loads based on critical strain
Slab test 
series
Critical 
strain 
(x 10-6)
Predicted 
failure 
load (kN)
Observed loads (kN)
Collapse Critical
A 50 11.9 - 11
Bl 50 7.4 55 10
B2 55 7.6 52 12
B3 60 8.3 51 12
c 70 9.4 44 9
D 50 6.4 38 10
9.1.3 Comment arising from the preliminary performance comparison
The earlier comparison between predicted performance based on flexural 
strength and, in particular, observed critical loads appeared promising. 
It is clear however that the multilayer representation used is not 
sufficiently accurate to ensure that the earlier data are reliable. 
Whether or not the results from the other methods of analysis are more 
reliable remains to be assessed, although the general agreement between 
Westergaard and the elastic layer solutions suggests that these methods 
are essentially similar.
Despite the lack of agreement between the empirical and mathematical 
models, which will be examined in the following section, it is clear 
from the foregoing that the linear elastic solutions do not enable the 
ultimate load carrying performance of the test slabs to be predicted. 
Furthermore MeyerhofI approach, which utilised plastic theory, does 
not provide satisfactory results when compared with the experimental 
values. It follows that more sophisticated analyses using, for example, 
non-linear material parameters and finite-element representation, may 
provide a more accurate assessment of ultimate load performance since 
the test configuration could be more closely modelled. The difficulty, 
highlighted here, of representing the initial linear response accurately 
casts some doubt on to the introduction of further analytical complexity 
at this stage.
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In any case, it is considered that the ultimate load behaviour of the 
test slabs is not of primary importance to the pavement designer.
Instead, it is felt that the incidence of structural distress, indicated 
by a reduction in effective stiffness of a cemented layer, is synonymous 
with failure. . Prior to this, the material response is essentially linear 
elastic. The period during which the layer subsequently performs 
'satisfactorily* will be governed by factors such as design, trafficking, 
environment and definition of end-condition, Clearly, the estimation of 
this period of serviceability is important but it is felt that such 
predictions are not meaningful until this initial linear performance 
can be reliably defined.
Consequently, the remainder of this Chapter will concentrate on the 
problem of obtaining theoretical similitude with the experimental 
behaviour in the elastic range. The relative influence of the input 
parameters for the analysis will additionally be assessed. An 
evaluation of the post-linear slab response will not be undertaken 
here and provides grounds for further work using a suitable theoretical 
model.
9.2 Assessment of observed and predicted -performance
The following discussion is based on a comparison of the observed slab 
behaviour with the response predicted by BISTRO. It must first be 
established that the predictive model is applicable to the particular 
test configuration, after which appropriate values of elastic properties 
must be selected to provide reasonable agreement of response. These 
aims are combined in the next Sections which are based largely on the 
observations from the B test series, since these provide the most s
comprehensive set of data values. Both three- and four-layer analyses 
are considered here in order to clarify differences in observed 
behaviour, although Section 9*3 separately considers the influence of 
assigned parameter values.
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Figure 9«1 shows the deflections of the B series tests at 20% and 
70% of ultimate loads, on a normalised basis, with calculated dis­
placements from both 3- and 4-layer configurations. Slab elastic 
modulus values of 15, 20 and 25 GN/m2 were assumed in each case 
for the theoretical responses. Prior to examining the relationship 
between empirical and theoretical behaviour the differences arising 
from the two analytical configurations will be considered.
Figure 9«1 shows that there is a marked increase in displacements 
when the 4-la.yer configuration is used. In the present example, 
this is attributable to the considerable reduction in stiffness of 
the semi-infinite support compared with that assumed for the 3-layer 
system. Thus, the major part of the support assumed for the 3-layer 
case, having elastic modulus 35 GN/m2 and Poissons ratio 0.18, is 
replaced by a material assumed to have an elastic modulus of 20 MN/m2 
and a Poissons ratio of 0.40. The 4-layer configuration was considered 
to more closely represent the actual test conditions, jvhereby ‘soil* 
properties were assigned to the layer underlying the laboratory floor 
slab.
This change, as demonstrated in Figure 9-1, has predictably increased 
the magnitude of deflections since the deformational resistance of 
the support is greatly reduced. Significantly, however, the increased 
deflections are predominantly reflected as a vertical rigid-body slab 
displacement, indicated by the similarity of general form for a given 
slab (layer l) elastic modulus. In this case, for the central radius 
of 400 mm, the displacement differences between 3 and 4-laye^ responses 
are uniformly 0.0110 mm and 0.0114 mm for modulus values of 25 and 
15 GN/m2 respectively. For a given modulus the displacement difference 
is reduced towards the radius 1500 mm to about 0.0080 mm, gradually 
decreasing to zero at extreme radii. Thus, at least over the critical 
central basin, the deformed shape is largely independent of the assumed 
support condition. This is a feature peculiar to the unusual layer 
configuration, which comprises alternate layers of stiff and comparatively 
soft materials. Consequently, it appears that the soft rubber layer 
underlying the test slab allows the slab to deform relatively unimpeded
9.2.1 Deflection
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1500
mi
3 -layer 
*1=0-13 
Layer 1 d=75mm
E =25,20,15 GN/m1-
fj= 0*40 
Layer 2 d = 18 mm
E = 0-45 MN/m1
Layer 3 ■ -
E = 35 GN/m
4 -layer
As above except:
i o |“=0'15 
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Layer4 f ^ 0 '^ 5 
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D eflection  (m m /kN)
Figure 9.1 Deflections cf B series slabs
and predicted responses from elastic
theory
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whilst reducing and diffusing the vertical stress sufficiently to 
largely preclude significant local deformation of layers 3 and 4*
It follows that the similarity of deformed shape given by the 3' and 
4-layer analyses should reflect an agreement of strain and, therefore, 
of stress distribution between the two configurations. This is 
supported by the previous discussion, in which little difference 
between predicted loads was found for the 3 and 4~layer systems.
The measured deflections shown in Figure 9*1 at 20% of ultimate load 
are markedly different from those at 70% of ultimate load, with the 
rationalised values at the higher load being rather greater. This, 
as discussed earlier, is indicative of a reduction in stiffness of 
the test slab due to structural deterioration • and propagation of 
cracking but, it should be recalled, no audible or visible signs of 
failure were detected at these loadings.
The observed deflections, in general, follow more closely those 
suggested by a 3-la-yer analysis. However, as just noted, the choice 
of support condition has a considerable influence upon the absolute 
displacements with comparatively little effect on the deflected form 
for the particular configuration. Consequently, these data will be 
examined for similitude between observed and predicted general forms 
of displacement, to detemine the effective elastic modulus of the 
experimental configuration. From the foregoing, and because of obvious 
boundary condition differences, this comparison will be based on the 
central influence basin up to a radius of about 500 mm.
From Figure 9*1 it is suggested that effective modulus values of about 
28 GN/m2 and 15 GN/m2 are consistent with behaviour at 20% and 70% of 
ultimate load respectively. It follows that a further reduction in 
modulus would occur with increasing load (whilst physical continuity 
is maintained) as cracking continues to propagate*
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The broad agreement between the observed displacements and those from 
the ostensibly less realistic 3-layer analysis is initially surprising. 
The mathematical representation, however, considers all layers as 
infinite in horizontal extent. In the 3-and 4-layer configurations 
used here, the partial replacement of a stiff global support material 
by a far less stiff material resulted in a generally uniform increase 
in displacements of points at, and above, the lower (layer 3/4) inter­
face. The empirical model, in contrast, is situated on a reinforced 
concrete laboratory floor overlying an indeterminate supporting medium. 
The physical constraints upon the displacement of the laboratory floor 
provide distinct restrictive boundary conditions which are not assumed 
in the layer analysis, since no such restriction is placed upon vertical 
displacement.
Consequently, the effective restraint on the displacement of the layer 
2/3 interface, obtained by using the 3-layer analysis with a stiff 
global support, gives closer agreement with the observed behaviour.
It should be noted that this expedient could be extended to provide 
good agreement between displacements obtained theoretically'and 
empirically, by judicious choice of elastic properties for the semi­
infinite underlayer. This, however, is of limited application because 
of the difference between the physical and analytical models.
The similarity of general form from both the three and four-layer 
analyses, and from the observed deflections, suggests that the choice 
of material descriptors for the upper two layers is largely correct.
The effective elastic modulus of about 28 GN/m2 at 20% of ultimate 
load, from Figure 9*1, is in reasonable agreement with the values of 
static tensile modulus of 30, 28 and 28 GN/m2 derived from laboratory, 
dynamic modulus tests for the B series.
The observed deflections for test D are shown in Figure 9-2 with pre­
dicted displacements from the three-layer analysis. The significant 
difference between test D and test series B, in terms of response to 
load, is the increase in rubber depth since the slab elastic modulus 
values are broadly similar. This leads to increased central deflections 
for test D, although the general form is similar to that for the series B
X X
002
X  : 20% ultimate load 
O  : 70% ultimate load
O °
Deflection 
(mm/kN)
0
3 -la y e r
| i= 0 4 ‘3
Layer 1 d = 75 mm
E =25 ,20 ,15  GN/
fj=0-40
Layer2 d= 36 mm
E = 0 -45M N /m 2'
u =0-18
Layer B E = 35 GN /  n f
Figure 9.2 Deflections of slab D and
predicted responses from elastic theory
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tests, and again the effective elastic modulus decreases with higher 
load. The modulus values suggested by the deflection profile are 
approximately 27 GN/m2 and 15 GN/m2 at 20% and 70% of ultimate load 
respectively. In comparison, the static modulus indicated by the 
laboratory dynamic tests was 27 GN/m2 which agrees well with the 
effective slab modulus for the slab elastic region.
9.2.2 TJnderslab tangential strain
Figure 9*3 gives the experimental and theoretical results for the 
series B tests at two levels of applied load. The predicted behaviour 
is that based on the 3-layer solution, which is virtually identical to 
the 4-layer results due to the similar general deformation of the slab 
mentioned earlier. Consequently, no further distinction will be made 
between the two assumed configurations in this discussion and it may 
be inferred that differences are negligible. Section 9»3 considers 
the more general applicability of these configurations in greater 
detail.
From Figure 9*3 it is evident that the effective slab modulus is about 
35 GN/m2 at 20% of ultimate load, although experimental scatter leads 
to some spurious values. It is recalled that differences in both 
elastic modulus and depth were reported between the three series B 
tests which would induce variations of response. In particular, it 
was noted that each slab was slightly thicker than the assumed depth 
of 75 nun, consequently reducing the deformation for a given load. The 
order of difference was estimated as no greater than 5% and it is 
therefore considered that, within experimental bounds, it is unnecessary
to adjust the predicted response. The effect of depth variation on the
main responses will, in any case, be discussed in Section 9*3*
At 70% of ultimate load, Figure 9-3 shows that the empirical response 
has departed markedly from the theoretical, distribution. The values 
for positions slightly away from the centre show some agreement with 
the responses for modulii from 10 GN/m2 to 15 GN/m2, but the central 
strain is far larger than these would predict. Additionally, the 
strains from 500 mm outwards are consistently larger than those 
predicted.
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Figure 9.3 Tangential strains of B series slabs
and predicted responses from elastic theory
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Figure 9.4 Tangential strains of slab D and
predicted responses from elastic theory
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This difference between observed and theoretical response at 70% of 
•ultimate load is in keeping with the inelastic material behaviour at 
elevated loads noted earlier, giving further non-compatibility with 
the idealised representation. The measured tensile strains towards 
the slab edge are a consequence of the uplift noted from the deflection 
data, leading to increased tension on the underside. The greatly 
increased central strains, when compared with the theoretical values, 
represent the departures from linear material response due to crack 
formation under the load giving a loss of physical continuity.
As noted previously, a value of elastic modulus could be assigned in 
the analysis to give agreement with the measured central strain, and 
in this case would be about 6 GN/m2. Agreement at other positions 
within the influence basin would, however, be non-existent since the 
theoretical model is inappropriate. Nevertheless, these data illustrate 
the reduction in stiffness of the test slab at higher loads caused by 
the formation and propagation of cracking within the material.
The results from test D are shown in a similar mariner in Figure 9«4* 
Again, the observations comply reasonably well with the theoretical 
distribution at 20% of ultimate load, and suggest an effective modulus 
of approximately 25 GN/m2. At 70% of ultimate load, the measured 
values give a change in response similar to that for series 33.
9.2.3 TJnderslab radial strain
Figure 9*5 shows the measured strains from the B test series, at 20% 
and 70% of ultimate load, together with the predicted stain distribution 
based on various slab elastic modulus values.
At 20% of collapse load the observed strains are in reasonable agreement 
with those expected for a slab of modulus 30 GN/m2. The central strains 
are, however, slightly low whilst those measured at 100 mm radius are 
higher. The results for gauges further from the centre, where the strain 
gradient is less pronounced, are more consistent with the distribution
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Figure 9.5 Radial strains of B series slabs and 
predicted responses from elastic theory
-  202 -
expected for a slab modulus of 30 GN/m . It should be recalled that 
the measurement of central zone underslab radial strains is particularly 
difficult and it is felt that these results illustrate an acceptable 
degree of accuracy based on strict experimental control.
For the higher load there is a distinct change in strain response, 
with considerably higher compressive and tensile strains being 
observed. The response at, or near, the centre is clearly different 
from the general elastic distribution, and indicative of structure! 
deterioration. As discussed previously, the mathematical model is 
unsuitable at this stage of elevated loading and no further comment 
will be made.
For brevity in the remaining comparisons, results for other than 
the B series will not be shown since it is felt that the general 
similarity of empirical behaviour has been well established. Findings 
arising specifically from the other tests will be noted where 
appropriate.
9.2.4 Top surface tangential strain
Figure 9*6 gives the observed and predicted top surface tangential 
strain response for the B series. The earlier comparison between 
strains on the upper and lower slab surfaces showed the agreement was 
good for loadings up to critical strains, whereafter the underslab 
tensile strains increased more rapidly than the top compressive strains. 
This is further illustrated in Figure 9«6, with the measured response 
at 20% ultimate load correlating reasonably with that for an elastic 
modulus of 30 GN/m2, whilst at 70% ultimate load the response is con­
sistent with a modulus of 19 GN/m2. Thus, at the higher load, there 
is closer agreement with the elastic distribution than was obtained 
from the underslab response. This suggests that the tangential 
compression zone is still largely continuous, and behaving linearly, 
in contrast with the underside tensile zone in which the effects of 
material deterioration were apparent. This follows sensibly from the 
marked difference in tensile and compressive behaviour of concrete,
2
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figure 9.6 Tangential strains of B series slabs
and predicted responses from elastic theory
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whereby the material maintains compressive strains of an order of 
magnitude greater than tensile strains with a corresponding increase 
in elastic strain capacity. It is clear, however, that the response 
of the top surface at these increased loadings does not provide an 
estimation of the underside strains.
9.2.5 Vertical stress on the slab underside
The shortcomings of the observed pressure distribution were discussed 
earlier, and it was concluded that the experimental technique was 
unsatisfactoiy. Nevertheless, to provide a complete discussion, these 
data will be considered.
Figure 9*7 presents the measured values from the B series, at 20% 
and 70% of ultimate load, with the expected distribution based on 
the elastic layer analysis for various slab modulus values.
It can be seen that the recorded pressures are extremely scattered 
but, with the exception of two values for the higher load, lie within 
the envelope bounded by the distribution attributable to a slab modulus 
of 50 GN/m2. It is noted that the properties of the rubber layer will 
have a major influence upon the pressure distribution, but it is 
emphasised that the material descriptors were carefully evaluated.
It is considered that Figure 9*7 shows, as discussed previously, the 
.transducers tended to under-register. Consequently, these data are 
of limited value but provide the basis for the numerical interpretation 
shown in Appendix B and discussed earlier. The effect of the properties 
of layer 2 on the overall response is discussed more fully in Section 9*3*
9*2.6 Preliminary comment regarding empirical and theoretical 
correlation
This Section has considered the observed performance data in relation 
to the predicted response, based on a linear elastic layered analysis.
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Figure 9.7 Pressures under B series slabs 
and predicted responses from elastic theory
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The experimental data for loadings at, or near, the predetermined 
limit of linear behaviour has.been shown, with the exception of the 
pressure measurements, to agree reasonably with the theoretical pre­
dictions. For loadings considerably above the critical loads, the 
non-linear behaviour recorded by individual transducers is shown as 
a general lack of acceptable correlation between observed and pre­
dicted response.. Clearly, these differences are attributable both 
to the non-linear material response and to the differences in actual 
and assumed boundary conditions. It follows that an analysis which 
accommodates material non-linearity, physical discontinuity and realistic 
horizontal dimensions should provide a closer overall idealisation. 
Existing finite-element methods would undoubtedly enable a better 
mathematical representation of some, if not all, of these factors 
but, as discussed earlier, these additional complications are not 
thought to be merited here since BISTRO gives adequate results up to 
practical failure. The use of more sophisticated analyses may be 
considered as an extension of this work, in particular to study the 
post-linear behaviour and its relation to continuing serviceability, 
in order to provide at least qualitative data for the pavement 
designer.
In this investigation, however, the agreement between experiment and 
analysis demonstrated for strains at low loads suggests that the 
choice of material descriptors is largely correct, although earlier 
discussion drew attention to shortcomings in the choice of slab 
elastic modulus. Since values of modulus can be selected for the 
analysis to give satisfactory agreement between observed and pre­
dicted responses, it follows that these should be the correct parameters 
applicable to each slab test assuming that the other descriptors are 
accurate. Consequently, the following section considers these derived 
modulus values in relation to the laboratory determined properties.
9.2.7 Selection of elastic modulus
Table 9»4 gives the values of slab modulus suggested from the comparison 
of actual and expected behaviour at 20% of ultimate load. Modulus 
values derived from the top surface radial strain distribution are not
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given, because the experimental data were considered insufficient to 
allow reliable estimates to be made. It is noted that these data 
represent the initial linear material response and, consequently, 
should describe the test slab behaviour up to critical loadings.
With the exception of the measurements of top surface strain, the 
other responses were monitored in a comprehensive manner. Generally, 
fewer transducers were employed on the top slab surface and where 
these data are felt to be insufficient to provide reliable estimates 
of slab elastic modulus, a note is made in the Table.
It is recalled that tests A and B used a richer mix than
tests C and D, and it is felt that this provides an initial basis
for comparison.
Table 9*4 shows that the underslab tangential strain data clearly 
distinguishes between these tests, suggesting an elastic modulus of 
32 GN/m2 for the richer mix and 25 GN/m2 for the leaner mix. The 
inter-mix variation given by the laboratory control tests is not 
evident from these results which is largely satisfactory since the 
mixes are sensibly similar when sampled in toto.
In contrast to the underside tangential strain results, those based 
on the radial strain distribution do not clarly differentiate between 
the two mixes with the effective elastic modulus for both test B3 and 
test C being 28 GN/m2. The remaining tests show reasonable agreement 
with the tangential strain results. It is assumed that the disparity 
of tests B3 and C is due mainly to interpretation of the radial strain 
data which, as noted previously, is subject to greater variation.
The top surface tangential strains show, as might be expected, similar 
results to the underside although, interestingly, the modulus values 
suggested are all lower than the comparable tensile strain based 
estimates. It is noted, however, that fewer data were available for 
these estimates and, since no differences should be observed, it is 
felt that this factor has led to the disparity.
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Table 9.4-
Slab elastic modulus values to give compliance with theory
Slab
designation
Effective elastic modulus (GN/m2)'. based on
Underslab 
tangential 
strain
Underslab 
radial 
strain
Top
tangential
strain
Deflection
A 32 31 31 30
Bl 32 32 Insufficient
data
25
B2 32 32 30 30
B3 32 28 30 27
C 25 28 Insufficient
data
25
D 25 23 22 30
Table 9*4 shows that, in relation to the estimates based on strain 
measurements, the effective modulus values deduced from deflection 
data display no trends. Extreme modulus values of 25 GN/m2 and 
50 GN/m2 are suggested for each mix and, although some agreement 
is evident, the general scatter precludes confident evaluation. It 
was earlier noted that deflection responses were less sensitive 
indicators of structural condition than strain measurements, and 
this comparison provides further evidence. Deflections are, however, 
more closely associated with vertical stresses and in particular with 
those of the subgrade support, therefore providing the basis for at 
least a qualitative assessment of subgrade condition.
A summary of the results from Table 9*4 is suggested in Table 9*5, 
whioh shows values of effective elastic modulus chosen as represent­
ative for each test slab. These values are rather subjective and are 
biased towards the strain data considered most reliable* In addition, 
the Table gives the mean electrodynamic modulus results from laboratory 
control tests and the inferred static modulus values used in the earlier 
load-carrying calculations. Bounds of - 1 GN/m2 are considered reason­
able for these data.
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Table 9.5
Comparison of representative modulus values determined 
from large-scale and laboratory tests (GN/m2)
Slab
designation
Effective elastic 
modulus from 
slab test
Elec t re dynamic 
modulus from 
laboratory test
Inferred static 
modulus used 
in initial 
calculation
A 32 38.0 30
Bl 32 37.5 30
B2 31 35.1 28
B3 30 34.7 28
C 25 34.5 27
D 24 33.6 27
Table 9*5 shows that the representative modulus values are in each case 
lower than the electrodynamic values, but follow the same general trend. 
The representative values are, however, higher than the inferred modulus 
results from the richer mix (tests A and B) but lower than those ;
assigned to the leaner mix (tests C and D). It will be recalled that 
the estimated static modulus values used in the earlier analysis were 
80% of the associated dynamic modulus results, the latter given from 
control tests, since actual static values were not measured. Thus, 
it must be implied that this simple relationship between static and 
dynamic modulus is not appropriate to these particular concretes.
From Table 9«5> the ratio of effective modulus to electrodynamic modulus 
is .84 to .88 for the richer mix, and 0.71 to 0.72 (only two values) for 
the leaner mix. This agreement for each mix is considered good and 
suggests a real difference in correlation between the two modulus types 
for both mixes. Results from the second laboratory test series gave 
mean dynamic modulus values of 40.2 and 33*7 GN/m2 for the two mixes, 
with mean measured static values of 35.0 and 24.0 GN/m2 respectively.
The ratio of static modulus to dynamic modulus is therefore 0.87 and 
0.71 for the richer mix and leaner mix respectively, from these 
supplementary tests, which gives excellent agreement with the
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comparison based on the actual slab mixes. Consequently, it is 
concluded that the test slab behaviour will be described when the static 
tensile elastic modulus is assigned in analysis, and that the assumed 
values based on a simple proportion are not sufficiently accurate.
By inference, the use of the static elastic modulus values in the earlier 
calculation of load-carrying capacity should reliably predict the 
critical loads based on critical tensile strains. In contrast, the 
predictions of load-carrying based on a limiting stress criterion 
will change very little when the modified elastic properties are 
utilised. This will be demonstrated in Section 9*3, when the relative 
importance of the configuration descriptors is examined.
9.2.8 Summary of empirical-theoretical performance comparison
Several points emerged from the foregoing discussions, and these are 
summarised as follows:
/
a) Linear elastic layer theory provides satisfactory strain 
distribution prediction up to critical loads, when laboratory 
measured static material descriptors are used. Agreement 
with the deflected shape was unsatisfactory, with the observed 
data suggesting that there was no difference in the elastic 
modulus of the two mixes considered.
b) Absolute displacements of the slab surface up to critical 
loads were not predicted adequately by either the 3-layer 
or the 4-layer configuration. The 3-layer method gave the 
closest agreement, undoubtedly due to the restraint on dis­
placement at the layer 2/3 interface which this provided.
A more realistic mathematical model might give better corr­
elation with actual deflections, but this has not been 
investigated. The unusual experimental layer configuration, 
of alternate stiff and relatively soft materials, ensured 
that the deformation characteristics of the slab are reasonably 
independent from the properties of the underlying, largely 
indefinable, support medium.
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c) The linear elastic layer theory is unsuitable for loads 
greater than critical, after which the wet-lean concrete 
behaviour becomes non-linear. In this investigation, the 
lack of agreement between observed and predicted perform­
ance for higher loads is not thought to be important since 
the material is then considered to have failed. A method 
of analysis using plastic theory to accommodate this mode 
of non-linear behaviour was also found to be inadequate, 
although the predicted failure loads were in closer 
agreement with the observed collapse loads.
d) Estimates of load-carrying capacity based on three elastic 
analyses, using a limiting flexural stress criterion, yield 
similar results. The predicted values of ultimate load were, 
however, far lower than the observed collapse loads and were 
only in the order of 20% of these values. In contrast, the 
predicted loads gave closer agreement with the experimentally 
derived critical loads, being about 85% of the observed values. 
Since the rate of critical strain development was earlier shown 
to be different from that of tensile strength, it follows that 
this relationship will vazy with age to some extent. Eurther- 
more, the changes in elastic modulus which occur with maturity 
will additionally contribute to this variation due to the 
effect upon induced stress and strain.
i
e) The observed behaviour of the experimental slabs shows a 
reduction in effective slab modulus at loads greater than 
critical values. The differences between empirical and 
theoretical configurations does not allow a meaningful 
assessment of the reduced modulus values to be made. It 
is noted that the observations are conflicting, however, 
with underslab strain measurements (tensile) indicating 
distinct changes in continuity. These are not reflected 
by top surface strain measurements (largely compressive) 
nor by deflected shape.
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The previous section compared the empirical and theoretical model 
behaviour and concluded that acceptable correlation was obtained, for 
primary strain responses, up to the critical level. The theoretical 
model will now be examined to determine the effects of variation of 
characterising properties. The critical parameters will be identified 
and their relative importance established. It is noted that the test 
configuration is unusual in relation to normal pavement design but, 
as stated earlier, this was chosen to effectively provide a wet-lean 
concrete layer on a simulated poor subgrade. Thus, it is primarily 
the material performance which is considered and, consequently, 
emphasis is placed on this. The behaviour of the other layers is not 
therefore evaluated.
The following discussion assesses each parameter used in the idealised 
configuration to determine its effect upon the main performance 
indicators. The ’standard1 configuration is given in Figure 9.8.
Only axial responses are considered and the data are presented in a 
rationalised form, such that the predicted response for the ’standard’ 
parameters is assigned the value of unity.
9.3«1 General observations
Figures 9.9 to 9*14 inclusive show the effects of each parameter on 
tensile stress, tensile strain, displacement and vertical stress.
These data are presented in a slightly condensed form in Table 9*6, 
in which the effects of variation in the prescribed property are given.
It is noted that, except for changes in elastic modulus of the slab, 
stresses and strains are subject to similar variation.
Table 9-6 shows that the slab depth is the most critical parameter, 
with a i 10% variation leading to a 35% change in tensile stress and 
strain, 32% in vertical stress and 21% in deflection. The observed 
variation in test slab depths (generally within 6% of the representative 
depth) might therefore lead to almost a 10% variation in induced stress 
and strain, and a correspondingly smaller change in vertical stress and 
displacement. It is considered, however, that stress redistribution will 
reduce the net effect upon the slab behaviour, although individual 
transducers are likely to reflect local variations.
9.3 Parametric study of the experimental configuration
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---------*
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I' boundaries assumed — 
in fin ite
00 \
100r
Test configuration
Layer Thickness Elastic modulus 
number (mm) ( G N / mz )
Poisson’s
ra tio
Notes
T 75 30 0-13 W et-lean  concrete test 
slab ( 3m d iam eter)
2 18 0-00045 0-30 Support rubber
3 ■250 35 0-18 laboratory flo o r
4 Sem i-infinite 0-020 0-35 , Support soil
Figure 9.8 Standard arrangement assumed 
for parametric study
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Table 9.6
Effect of variation of prescribed, material descriptors 
upon the test slab response to load
Layer
number
Parameter Assigned
value
% change 
in assigned 
value Tensile
stress
Relat
Tensile
strain
Lve value of 
Displacement Vertical
stress
Elastic
modulus 30 GN/m2
4  10% 
- 10%
1.01 
• 99
.92
1.11
.97
1.04
.95
1.06
Response
variation 2% 19% 7% 11%
1
Wet-lean
Depth 75 ™ 4  10% - 10%
.87
1.22
.87
1.22
.92
1.13
.88
1.20
concrete
slab Responsevariation 35% 35% 21% 32%
Poisson1s 
ratio
ICVJ 
H 
CM
o 
o Rangeshown
1.00
1.08
1.00
.97
1.00
198
1.00
.99
Response
variation 8% 3% 2% 1%
Elastic
modulus .45 MN/m2
4  10% 
- 10%
.99
1.01
.99
1.01
.97
1.04
1.05
.95
2
Simulated
support
(olosed-cell
rubber)
Response
variation 2% 2% 7% 10%
Depth 18 mm 4 10% - 10%
1.01
.99
1.01
.99
1.03
.97
.95
1.05
Response
variation 2% 2% 6% 10%
Poisson's 
ratio 0.30
+ 10% 
- 10%
.99
1.01
.99
1.01
.97
1.02
1.05
.97
Response
variation 2% 2% 5% 8%
Elastic
modulus 35 GN/m2
4 10% 
- 10% J 1.00 j 1.00 •991.01 | 1.00
Response
variation 0 0 2% 0
3
Laboratory
floor
Depth 200 mm 4  10% - 10% j 1.00 j 1.00 .981.03 j 1.00
Response
variation 0 0 5% 0. •
Poisson's 
ratio
0.12 - 
0.24
Range
shown
Has no practical effect on 
responses ( N 1% change)
these
4
Semi-infinite
global
support
Elastic
modulus
1.0 -
100 MN/m£
Range
shown
Has
on
no practical effect except 
displacement. See text
Poisson1s 
ratio
0.20 - 
0.45
Range
shown
Has no practical effect on 
responses ( « 1 %  change)
these
Figure 9.9 Effect of test slab modulus on
Figure 9.10 Effect of test slab thickness on
central responses
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Figure 9.11 Effect of support rubber elastic modulus 
on central responses
Figure 9.12 Effect of support rubber thickness
on central responses
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Figure 9.13 Effect of support rubber Poisson's 
ratio on central responses
Figure 9.14 Effect of laboratory floor
thickness on central responses
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The slab elastic modulus is the next most important parameter and 
produces a marked effect on induced tensile strains, such that the 
20% variation shown in Table 9*6 gives a 19% change in strain. The 
associated changes in displacement and vertical stress are lower, 
being 7% and 11% respectively, whilst this modulus variation has a 
negligible effect on tensile stress. The difference in tensile 
stress and tensile strain response to modulus variation is interesting, 
since this has direct implications regarding the test slab behaviour 
with the two mixes investigated. The Table shows that increasing the 
elastic modulus of the slab leads to a slight increase of induced 
stress with a more marked decrease of induced strain. The converse 
is naturally true, and the effect of modulus variation upon the major 
responses is shown in Figure 9»9» Vertical stress and displacement 
both sensibly decrease with increased modulus, with the vertical 
stress showing slightly greater sensitivity to variations in stiffness 
which is attributed to the implied changes of deformed shape and, 
consequently, of load-spreading behaviour.
The changes of slab Poisson's ratio from 0.13 to 0.22, effectively 
covering most values applicable to cemented materials, give only 
minor variations of response which, in the context of the particular 
materials used, suggest that this factor is unlikely to influence the 
results from this investigation.
The effect of the characterising parameters for the underlying .layers 
decreases with depth, as might be expected, so that the properties of 
material remote from the slab iave little effect upon its behaviour.
Table shows that - 10% variations of the parameters assigned to 
layer 2, the supporting rubber, give consistent changes for each main 
response. Thus, vertical stresses are primarily affected, with slightly 
less influence on displacements and negligible changes of stress and 
strain. Vertical stress always responds in the opposite sense to the 
other peformance indicators with, for example, an increase of elastic 
modulus or Poisson’s ratio giving lower tensile stress, tensile strain
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and displacement whilst increasing vertical stress* Decreasing the 
thickness of the rubber support gives a similar effect. The general 
similarity of stress, strain and displacement response to these changes 
is appropriate since these are functions of the deformation character­
istics of the slab, therefore implying that the parametric changes of 
layer 2 affect the slab deformation as a whole.
Variations in layer 3 and layer 4 descriptors can be seen to have 
practically no effect upon tensile stress, tensile strain or vertical 
stress. Displacements, however, are altered by changes in both elastic 
modulus and depth of layer 3? and by changes of the half-space elastic 
modulus. The Table suggests that as observed in the earlier discussion 
the displacement differences are essentially due to rigid body movement 
of the slab since the deformed shape, indicated by strain responses, is 
largely independent of these parametric changes.
As discussed earlier, the differences between the empirical model and 
the theoretical representation lead to unsatisfactory prediction of 
displacements. Although an arbitary value of elastic modulus for the 
support layer could be assigned to give better correlation with observed 
displacements, this mathematical expediency is not considered meaningful 
except to demonstrate the improved overall agreement which would be 
expected if the slab test boundary conditions were more closely idealised.
9.3.2 Effect of parametric changes upon tensile strain
Table 9.6 shows that tensile strains, on the underside of the test 
slab (layer l), are largely independent of variations in- the properties 
of the underlying layers, and relatively unaffected by Poisson’s ratio 
variation of the wet-lean concrete.
The apparent independence of tensile strain on changes in the layers 
beneath is intended and attributable to the experimental configuration.
The relatively soft material comprising layer 2 provides little resistance 
to the deformation of layer 1 and, consequently, the deflected form is 
mainly dependent on the concrete slab properties. Similarly, the
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minimal effect of layer 1 Poisson’s ratio is due to its low magnitude 
and the high stiffness of layer 1. Table 9*6 shows that an increase in 
Poisson's ratio from 0.13 (the observed value) to 0.22 (an assumed high 
value), covering the range of values mainly associated with cemented 
materials, alters the induced strain by only 3%*
The most marked effect upon tensile strain is produced by changes in 
the slab depth, undoubtedly because of the implied change of defoli­
ation characteristics. A 10% increase in depth gives a reduction of 
13% in induced strain, whilst a 10% depth reduction leads to a strain 
increase of 22%. Figure 9*10 shows that the 100 mm slab (test A) 
would have a 39% reduction in strain at a given load when compared 
with the thinner slabs, or a load carrying capability some 64% greater 
for a given strain capacity.
The observed thickness variation of the test slabs suggests a maximum 
strain variation of 10% whilst the effect of a - 2 GN/m2 change in slab 
modulus would lead to a further - 7% variation of strain. It follows, 
therefore, that the measured tensile strains oould be in error by 
almost .20% from the true values for the slab tests. These error bounds 
are considered as maximum values, however, since the variations of both 
depth and elastic modulus of the test slabs are arbitrary with, in 
particular, considerable inter-mixing of as-laid batches to produce 
finished slabs. Consequently, it is felt that stress redistribution 
will occur thus providing more consistent overall results. It is noted 
that the observed strains were subject to scatter and which, from the 
foregoing, are thought unlikely to be in error by more than 10 micro­
strain with greater accuracy expected at the critical level.
9-3*3 Effect of parametric changes upon tensile stress
It was noted in the preamble that tensile stresses and tensile strains 
were subject to largely the same changes due to parametric variation.
The exceptions to this general similarity are those caused by variation 
of elastic modulus and variation of Poisson's ratio of the slab, since 
these influence the inter-relationship of stress and strain. It follows 
therefore that, with these exceptions, the preceding discussion is 
equally applicable to tensile stresses.
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Table 9*6 shows that changes in elastic modulus of the wet-lean 
concrete (layer l) have little effect on the induced tensile stress. 
Figure 9*9 provides a more comprehensive view, showing that a modulus 
increase from 20 to 40 GN/m leads to a stress increase of only Q% 
(based on the stress for 30 GN/m2). This insensitivity suggests 
that the load-carrying performance, based on a limiting stress 
condition, is largely proportional to the strength of the mix. A 
comparison between the ultimate load-carrying capacity of tests B 
and C does not (corroborate this simple dependence, although it is 
noted that this comparison invokes non-linearity. Nevertheless, it 
is considered that a correlation between flexural strength and 
collapse load would be expected since the slab failure modes are 
similar.
The effect of Poisson's ratio is rather more marked for tensile 
stress than for tensile strain, and Table 9.6 shows that a change 
from 0.13 to 0.22 gives an 8% increase in stress. This increase 
is nonetheless small even for this considerable change of Poisson’s 
ratio and it is considered that this factor is unlikely to influence 
the observed slab performances.
9.3*4 Effect of parametric changes upon displacement
The absolute displacement of the uppermost layer is governed, to a 
large extent, by the cumulative displacements of the underlying 
layers. In addition, the properties of layer 1 will have a con­
siderable effect upon the deformation characteristics and therefore 
on deflected form.
Table 9*6 shows that layer 1 depths variation leads to the largest 
change in displacement. Since the slab is comparatively stiff, 
within-layer vertical strains are negligible, and the displacement 
is mainly due to the induced vertical stresses transmitted to the 
underlying layers and in particular to the relatively soft layer 2.
A reduction in layer 1 depth decreases the stiffness of the layer, 
giving both more localised axial displacement and reduced load 
spreading.
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Consequently, the increased axial vertical stress at the layer l/2 
interface results mainly in increased vertical strain of layer 2. 
Similarly, a change in elastic modulus of layer 1 alters the stiffness 
of the configuration resulting in variations of displacement mainly 
attributable to layer 2 deformation.
Figures 9*9 9*10 show the effects of slab elastic modulus and
slab depth and it will be noted that a distinct increase in displace­
ment is sensibly indicated as either modulus or depth tends towards 
zero. At the opposite extreme, Figure 9*10 suggests that displacements 
tend towards a practical minimum with increased depth. For the test 
configuration, it appears that the critical depth is about 200 mm, at 
which depth it is inferred that vertical interface stresses are 
effectively zero and absolute deflections are based on mean induced 
vertical strain of the .slab alone.
Table 9.6 shows that parametric variation of the underlying layers 
has a diminishing effect with increased depth since the transmitted 
vertical stress is reduced. Clearly, the relative importance of a 
given layer in influencing deflection will be affected by the layer 
configuration., since the induced within-layer strains, which cumulatively 
contribute to overall displacement, are functions of the transmitted 
vertical stress and, primarily, the elastic modulus and depth of the 
particular layer. In the present example, this is illustrated by the 
effects of depth variations of layer 2 and 3* The - 10% variation 
of these layer depths gives similar total changes of displacement, 
of 6% and 5% respectively, but in opposite senses. An increase of 
layer 2 depth (the rubber layer) leads to increased displacement of 
layer 1, whilst an increase of layer 3 (laboratory floor) depth gives 
the opposite effect. The minimal load spreading of the thin rubber 
layer, between two comparatively stiff layers, means that an increase 
in depth of this layer accommodates increased absolute deformation 
and, consequently, increased layer 1 displacement. In contrast, 
increasing the depth of layer 3 gives greater load spreading capability 
of the layer, resulting in reduced vertical stresses at the layer 3/4 
interface and therefore reduced displacement at this interface. The 
increased vertical deformation within layer 3 is negligible and 
layer 1 displacement is therefore reduced.
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9.3*5 Effect of parametric changes upon subgrade pressure 
The subgrade pressure, or vertical stress of the layer l/2 interface, 
is a function of the deformational resistance characteristics of the 
various layers on either side of the interface. Any parametric 
change which reduces deformational resistance of the overlying layer 
or increases the resistance of the underlying layers, will tend to 
increase the subgrade pressure. Clearly, such changes must be trans­
mitted to the interface.
The former condition is indicated where changes in the assumed 
parameters for layer 1 lead to increases in displacement of the 
layer and Table 9*6 shows that both displacement and subgrade 
pressure respond in the same sense to such parametric changes. 
Poisson's ratio has a negligible effect, whilst changes of elastic 
modulus or depth lead to a greater response in subgrade pressure 
than in displacement. As noted earlier, this is attributable to the 
alteration of deformed shape with increased stiffness, leading to 
increased area of dishing and induced localised deflections.
The latter condition of increased resistance of the underlying layers 
occurs whenever a parametric change increases the stiffness of those 
layers and when this is transmitted to the layer l/2 interface. 
Variations in layer 2 are clearly conveyed and it follows that 
pressure increases are indicated by parametric changes which result 
in decreased surface deflection. This is verified by Table 9*6 where 
it is seen that, similarly to layer 1 parametric variation, subgrade 
pressures are more sensitive to such changes than displacement. It 
is similarly inferred that this is indicative of changes in deformed 
shape of layer 1 leading to variation in load spreading action of the 
stiff cemented layer.
The properties of layer 2 are such that, as seen from Table 9*6, 
minor variations in deformational resistance of the layers beneath 
layer 2 are not transmitted to the layer 1/2 interface.
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This discussion has considered the theoretical response of the slab 
test arrangement. The test configuration is not in parallel with 
practical pavement systems, nor was it intended to be, but it is 
felt that the chosen arrangement ably suited the objectives of 
providing performance data for a wet-lean concrete in a layered 
structure.
The general agreement between the observed performance and the 
predicted response, within the linear range, gives considerable 
confidence in the analysis. Thus, although BISTRO has been used 
extensively for the analysis of conventional pavement structures, 
it is nonetheless reassuring to find such agreement with the 
unusual system used in this investigation.
The primary structural responses of the test slab, with the exception 
of displacement, have been demonstrated to be largely unaffected by 
the properties of layers 3 4* Displacement, since it is based on
cumulative laminar deformations, responds in particular to the 
elastic modulus of the semi-infinite global support. The other three 
responses, those considered of greater importance to physical perform­
ance, are mainly dependent upon the properties of layers 1 and 2.
These properties were measured extensively during the investigation 
and are recorded with confidence.
The- differences indicated here between the use of tensile strength 
and tensile strain failure criteria are of importance. In order to 
illustrate the effect upon performance estimates for the slab 
arrangement, material test data from the supplementary laboratory 
programme have been used in the BISTRO analysis. Consequently, 
load-carrying capacities have been calculated based on both critical 
tensile strain and flexural strength of the two mixes at the ages 
considered. These results are shown in Table 9*7 and it is emphasised 
that the actual values for load-carrying are of secondary importance 
to the lack of simple correlation between the strain-based and strength- 
based performance estimates. Since the linear elastic analysis was
9.3.6 Overall comment
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shown to simulate observed behaviour up to critical loads, it follows 
that the strain-based estimates of load-carrying capacity will give 
the appropriate value of critical load. It is clear from the Table 
that the values based on flexural strength are not closely related 
however, and, since the slab tests further showed that flexural 
strength was not in line with the collapse loads, it must be inferred 
that a tensile strength failure criterion is unsuitable for these 
materials. Additional work would be needed to clarify this with, in 
particular, tests undertaken at ages other than seven days and 
possibly a more suitable method of analysis for modelling collapse.
It should be added, however, that fatigue testing of 'instrumented* 
slabs is seen as a more fruitful area as it is felt that there is 
sufficient evidence suggesting a limiting-strain failure criterion.
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10 OVERALL ASSESSMENT OF THE INVESTIGATION
10.1 Original aims and urelininazy findings
The aims of this study at the outset were principally concerned with 
the definition of a tensile strength failure criterion applicable to 
wet-lean concrete in a pavement structure, with the view to subsequent 
use of the material in roadbase or sub-base construction due both to 
the broad similarity in hardened properties to those of dry lean 
concrete and to the suitability for placement by slip-foim paver.
In the event, the large-scale tests to failure gave results that were 
both unexpected and difficult to interpret, essentially because the 
slabs did not fail at tensile stresses of comparable magnitude to the 
measured tensile strengths and because extremely high tensile strains 
were recorded during the tests. Considerable effort was consequently 
applied to an appraisal of the testing method in order to establish the 
reliability of both the test arrangement and the instrumentation. It 
was found that, as anticipated initially, the testing method appeared 
satisfactory and was suited to the original aims.
Luring the investigation, it became clear that much of the experimental 
work which had been previously undertaken to examine the performance of 
cemented materials in pavement configurations was restricted to loadings 
well within the elastic range, in order to preserve specimen integrity, 
by limiting induced stresses or. strains to values lower than those
associated with tensile failure of simple laboratory specimens The
generally reported compliance with elastic theory appears to h e-^ been 
largely accepted as confirmation that loadings which induce tensile 
responses of comparable, magnitude with those at failure in simple tests
This supposition has also received support, indirectly, from evidence 
obtained during full-scale trafficking of roads.
will similarly cause failure of the more complex layer configuration
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Since the results obtained from the slab tests were not in line with 
expected behaviour, and yet the method of test appeared satisfactory, 
the observed responses were subsequently examined in the broader context 
of general stress-strain performance of cemented materials under various 
load regimes. Careful consideration of the literature showed that, 
firstly, the results from this work were in keeping with the behaviour 
associated with cemented materials using concreting quality aggregates 
and, secondly, that the test procedure has a marked influence on 
observed response especially at elevated loads. In particular, non­
material factors can have a major effect on the stress-strain response 
as failure is approached. On the other hand, the initial stress-strain 
response is largely governed by the material properties and considerable 
evidence suggested that material deterioration, in the form of propagation 
of internal micro cracking, is only likely to be found when the applied 
load causes distinct changes from the initial response. Furthermore, 
this deterioration is increased either by additional load or by repeated 
application of the given load, although the rate of material breakdown 
will be influenced by the exact nature of the test arrangement.
For pavement design applications, in which applied loadings vary in 
magnitude and frequency, it follows that in order to provide a reasonably 
long life-span for cemented layers the induced material responses should 
be largely maintained within the initial linear portion. In contrast, 
the application of loadings which lead to changes in this response are 
considered to contribute to structural deterioration of the material 
with an associated drop in subsequent load-carrying capability of the 
layer.
Whilst the static loading tests undertaken here are recognised as a 
simplification of the pavement layer case, it was nonetheless felt 
that the definition of the . linear material response would yield a 
useful pavement design parameter. Thus, the data were examined with 
this view in order that a conservative but fundamental limiting
10.2 Subsequent approach
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criterion might be derived. The subsequent material response beyond 
this predefined limit was seen as a secondary problem, outside the 
scope of the immediate investigation, requiring far greater analytical 
complexity than was justified at this stage until the initial linear 
behaviour could be adequately modelled. In any case, this aspect of 
the slab response is considered to have less .direct practical 
application.
10.3 Findings regarding the initial slab responses
The difficulties of evaluating the measured responses have been dealt 
with in previous Chapters and will not be reiterated here, although it 
is recalled that a selective approach was adopted in interpreting these 
data. It was found that, of the response indicators examined, the 
underside tensile strain measurements provided the most sensitive method 
for detecting changes in material response, presumably because these 
are most closely related to physical deformation. In contrast, the 
other measured responses are less direct indicators of the material 
performance and it follows that strain, as opposed to stress, provides 
the most fundamental measure of material distress. The use of a limiting 
strain criterion for cemented materials has been advocated in several 
recent papers (Mitchell & Monismith, 1977? Walker et al, 1977; Brown, 
1979) attJ- the work here supports this view.
The slab tests showd that the tensile strain at the extent of linearity 
could be determined from responses measured within the central influence 
basin and that this was similar to the value obtained from simple third- 
points bending tests on comparable material. This is considered to 
demonstrate the fundamental nature of the parameter and suggests that 
the simpler laboratory tests could give strain values applicable to 
design calculations. It is clear, however, that the similarity detected 
here from limited test conditions should be assessed over a wider range 
of test variables. Nevertheless, it is felt that the data from this 
investigation provide a reasonable estimate of maximum allowable tensile 
strain for the material in order to ensure that rapid deterioration of 
the base does not occur. The method for estimating this strain from 
simple tests shows promise and further work along the lines suggested 
is considered as an essential supplement to further study.
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Tn terms of agreement between the experimental work and considerations 
of theoretical behaviour, this investigation has highlighted the 
difficulties of appraising the empirical data and has drawn attention 
to the inherent variation of results from a carefully controlled 
experiment on this scale. The agreement demonstrated over the elastic 
range is felt to be reasonable and emphasises the importance of using 
accurate values of elastic modulus in the analysis since, in particular, 
induced strains are fairly sensitive to this parameter. In contrast, 
estimates of stresses were relatively little affected by the selected 
value of modulus and this is seen to further indicate the importance 
of a limiting tensile strain-based material descriptor, since the slab 
results were not satisfactorily explained by differences in mix strength 
alone. The analytical treatment of the test conditions drew attention 
to the importance of accurately representing the physical model and 
demonstrated that more complex methods than were used here would be 
required to predict the post-linear slab behaviour. A review of the 
factors influencing the structural response of pavements (Paterson,
1974), based on selected studies which involved experimental and 
theoretical work, showed that generally vertical stress was predicted 
most accurately whilst greatest variation was evident for estimates 
of horizontal strain. It was observed that good correlation was not 
usually obtained for both vertical and horizontal stresses (or strains) 
using the same elastic parameters, and Paterson noted that the choice 
of boundary conditions and the characterisation of the subgrade were 
important factors influencing the oomparison. Interestingly Paterson 
records that, in most of the studies that he reviewed, surface deflections 
were underestimated and the diameter of the influence basin was over­
estimated.. This suggests that greater stiffness of one or more layers 
was assumed in the theoretical treatments than was the case in practice.
In this investigation the layer stiffnesses were reasonably accurately 
represented giving relatively good correlation of deflected form, 
although displacements were overestimated due to boundary condition 
effects. It is evident, therefore, that the principal requirement 
when using predictive techniques is a sound knowledge of the limit­
ations of the method.
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The main findings from this work, regarding the choice of a limiting tensile 
strain for the wet-lean concrete mixes, is seen to have direct application 
to pavement design. Insofar as the parameter is considered to be a 
fundamental characteristic of the material behaviour, it is felt that 
the use of this criterion can provide a quantitative means for 
evaluating pavements incorporating such material and possibly, in the 
longer term, other cemented materials. Whilst no tests have been 
undertaken using dynamic or tracking load, the definition of these 
limits under static loading is, in fact, considered advantageous
since this represents a worst case, when traffic is effectively
stationary. Thera is nevertheless considerable scope for large - or 
full scale testing using facilities such as, for example, the University 
of Nottingham tracking load pit, the TERLs Road Machine 3 tracking load 
circuit or the South African developed Heavy Vehicle Simulator. These 
established methods for simulating moving traffic wheel-loads would 
enable the basic premise for the adopted strain criterion to be tested 
under conditions more akin to practice, and would further give insight 
into factors affecting the subsequent material deterioration.
At this stage, however, it is clear that there exist several difficulties 
in utilising the derived data from this work, which include the choice 
of maximum load applicable to analysis and the change in the value of 
the criterion with age. These are problems inherent in any design 
procedure involving cemented materials except that, generally, a 
suitable design loading can be fairly readily estimated. Since the 
allowable strain, in common with the other major properties, increases 
with age, it would seem reasonable to use a nominal 28 day value. This
has merit in that a further gain in strain capacity would be expected
subsequently although, when the degree of uncertaintly regarding 
loading is comparatively high, the use of 7 day properties provides 
a greater margin for safety. The definition of a maximum load 
applicable to design calculations for roads probably comes into this 
category, since it is likely to be impractical to base such calculations 
on the projected heaviest load that may be encountered during the design 
life of several decades. In this respect, it is felt that an estimate 
based on the traffic load spectrum could be made whereby a certain
10.4 Application to. -pavement design
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proportion of loads above the design value would be anticipated. By 
definition, these would be expected to contribute to irrecoverable 
deformation of the material but, on the basis of these tests and 
general full-scale performance observations, it is likely that the 
relatively limited applications of such loads would not be wholly 
unacceptable. It should be added that the exact nature of the load 
spectrum and of the layered construction will influence the effect 
which overloading will have on the material degradation, and it is 
recommended that a study of this type should be undertaken using 
tracking load test facilities. It similarly follows that an associated 
predictive method, perhaps along the lines adopted at the University 
of Berkeley (Raad et al, 1977) in which different values of elastic 
modulus are assigned for tension and compression, may enable the 
subsequent rate, of deterioration to be reliably assessed. Whilst 
this particular expedient allows the marked differences in tensile 
and compressive responses to be represented by elastic analysis, 
it is not immediately apparent as to the criterion for determining 
the rate at which the effective modulus values change. Since it is 
considered that post-linear responses are attributable to formation 
and propagation of tensile cracking, it would appear that a more 
suitable method of analysis should enable such discontinuities to 
be introduced, whilst largely maintaining elastic modulus values at 
the initial levels, using the limiting strain criterion to define 
onset of cracking.
/
Without specific guidance from empirical or theoretical data on the 
post-linear performance of wet-lean' concrete under repeated application 
of heavy loads, it is felt that the maximum load for initial design 
purposes should be, say, the value below which 90% or 95% of the 
expected first year traffic loadings will lie. Making allowance 
for the gain in elastic strain capacity from the design value during 
this period, it is apparent that the anticipated number of overloadings 
will be less than these notionary data imply. A computer design 
exercise based on this general problem is seen as a useful aid to the 
assessment of these primary input parameters, since proven pavement 
configurations could provide a general guide to anticipated performance 
of the designs rather as a means of calibration.
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The method of estimating the limiting strains using strength and elastic 
modulus values is felt to offer considerable scope, both for further 
simplification and, in the broader context, for application to other 
types of . concrete. Pavement design using sophisticated analytical 
techniques should provide far greater guidance for the engineer than 
empirically derived data allow because of the number of variable 
factors and imponderables involved in road building. For this very 
reason, however, it is felt that simplified methods for estimating 
material descriptors to a reasonable degree of accuracy are to be 
encouraged since these should enable more rapid determination of a 
design value appropriate to the system without recourse to, perhaps, 
■unnecessarily complex testing.
In general terms, the work has shown that similar hardened properties 
to those of dry lean concrete could be obtained using a workable 
cohesive lean mix and, from this standpoint alone, it is considered 
that a full scale trial of the material is worthwhile, particularly 
bearing in mind recent experience in the United States. The economies 
claimed when a richer, workable, cement-treated material was placed 
using slip-form paver, instead of the spreaders and rollers normally 
associated with the dry material, are worth examining in this country 
with regard to lean concrete construction. Even though roadbuilding 
at present and for the immediate future is at a very low level compared 
with the 1960‘s boom period, so that opportunities for such trials are 
limited, it would appear reasonable to make the fullest use of slip- 
form pavers which have become more widely available in the past few 
years. Thus, the use of this expensive plant to lay both the sub­
base and pavement on a concrete road scheme may prove to be cost- 
effective solely on the basis of savings in additional plant which 
would be necessary to place a dry lean concrete sub-base.
A further less obvious benefit from the use of wet-lean concrete in 
these circumstances is seen as better field quality control than 
compared with dry lean concrete, since workability checks and visual 
assessments which are commonplace for conventional concretes are equally 
applicable to these mixes. It should therefore be possible to produce
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the material to a given consistency more easily than is the oase for 
dry lean concrete, which requires greater expertise to ensure uniformity 
on a batch-to-batch basis. As a consequence, margins introduced into 
the mix designs to allow for variability may be lower for this material 
so reducing the notional difference in cement content between the wet 
and dry lean concrete mixes used in practice.
In summary, Table 10.1 gives typical properties for both dry lean concrete 
and the two wet-lean concrete mixes examined here. The range of values 
for the former are based on selected laboratory studies referred to 
previously, and no specific sources are acknowledged for these general 
data.
Table 10.1 
Typical properties of lean concretes
Mix type Dry lean to 
DTp specification
Wet leana 
(1)
Wet lean3, 
(2)
Cement content (kg/m3) 110 - 125 116 168
28 day properties
Cube strength (MN/m2) 15 - 25b 15 27
Flexural strength (MN/m2) 1.8 - 2.5 2.0 3.0
Static modulus (GN/m2) 28 - .35 26 33
Electrodynamic modulus (GN/m2) 35-40 39 43
Notes: a: From this work
b: Strength outside current specification
From the Table it is evident that the strength values given for the wet- 
lean concretes are essentially extremes of the typical ranges shown for 
dry lean concrete. A similar pattern is given for modulus although the 
electrodynamic values are somewhat higher and the static values lower 
than might be expected from this comparison. The differences are not 
considered significant, however, and reflect the previously observed 
correlation between the static and electrodynamic values for the wet- 
lean concretes.
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It appears, therefore that the use of a wet-lean concrete with a cement 
content of, say, 140 kg/m3 should give comparable properties to con­
ventional dry lean concrete and that a reduction in cement might even 
be necessary to comply with the maximum allowable cube strength of 
20 MN/m2. Some doubt was expressed earlier as to the merit of this 
upper strength limit which, it is felt, may not in fact promote 
better performance of lean concrete since considerable evidence 
indicates that higher strengths are normally associated with satis­
factory overall response. Since the thermal expansion characteristics 
of wet-lean concrete are unlikely to markedly differ from those of 
either dry lean concrete or conventional dense concrete, it appears 
that the liability to primary cracking will be similar to that of dry 
lean concrete, with the possibility of larger crack widths ensuing 
from the potentially higher shrinkage. In this respect, it might 
be beneficial to attain higher strengths so that the number of cracks 
formed requiring possible remedial action will be reduced. The use of 
crack inducers may also be advantageous if primary cracking is accepted 
as a property of this type of material, since these should predefine 
the positions of cracks and therefore simplify subsequent treatment.
This action is not, however, in line with current attitudes towards 
the problem of cracking of lean concrete. It is nevertheless felt that, 
providing aggregate interlock, is maintained, larger cracks than presently 
envisaged should not prove unacceptable for lean concrete on adequate 
sub-base support.
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11. CONCLUSIONS AND RECOMMENDATIONS
The principal findings arising from this work are as follows:
1) Large-scale static loading tests on wet-lean concrete slabs 
showed that the initial material response was essentially 
linear elastic. The linear portion was evident up to approx­
imately 20% of the total load applied to give fracture, and 
was indicated primarily from tensile strains induced on the 
slab underside at or near the axis of loading. Top surface 
compressive strains and displacements were both less sensitive 
indicators of the extent of the linear response. Simple 
laboratory tensile tests in uniaxial and flexural tension also 
showed linearity at first although the extent was considerably 
greater compared with the associated failure loads, being some 
50% to 90% in these oases.
2) The load necessary to produce distinct failure of the test 
slabs was several times larger than that predicted on the basis 
of elastic theory using a tensile strength criterion'- of failure. 
This is attributed to the complex stress state induced and to 
the specific test conditions imposed which lead to non-linear 
behaviour to failure. The post-linear response is influenced
to a large degree by non-material factors and it not, therefore, 
considered as a unique property of the material. Apparent 
tensile strains to fracture of the test slabs were recorded 
which were more than an order of magnitude greater than those 
associated with tensile failure of simple laboratory specimens.
3) The general behaviour of the test slabs under load, together with 
the tensile responses of laboratory-scale specimens and a review 
of pertinent literature, has led to the adoption of a limiting 
tensile strain criterion as a fundamental material parameter 
regarding performance in a pavement system. The limiting strain, 
defining the extent of elastic material response, represents a 
maximum allowable deformation to which the material can be
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subjected in order to sustain many applications of load. This 
is considered to be a fundamental characteristic of the concrete 
for highway application with the implication that induced tensile 
strains greater than the limiting value will lead to structural 
deterioration.
4) The limiting strain values determined from slab tests were found 
to be similar to those observed at the extent of linearity of the 
tensile' strain response in flexural testing. Values obtained 
from uniaxial tension tests wera somewhat lower, however, which 
is considered to emphasise the need for at least general sim­
ilitude between the method of test adopted and the practical 
stress state which is to be examined.
5) The test slab behaviour, up to the limiting tensile strain, was
predicted satisfactorily by an elastic multilayer analysis when 
suitable material parameters were used. In particular, it was 
found that statically determined values of elastic modulus were 
required to define the material rather than electrodynamic 
values. Prediction of absolute displacements was poor however 
due to boundary condition differences between the empirical and 
theoretical models.
6) A simple method for estimating the limiting strains for the two
wet-lean concretes has been suggested, using laboratory deter­
mined values of electrodynamic elastic modulus and either 
flexural or uniaxial tensile strength. The method appears 
promising at this stage since the derived relationships are 
equally applicable to both mix types over the age ranges 
considered of 2 days to 28 days.
The primary recommendation for further work, based on the 
foregoing conclusions, is that a full-scale trial section
of wet-lean concrete should be incorporated in a road scheme
- in order to assess the in-service performance. The material, * 
having similar strength properties to those of dry lean
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concrete, should he laid by slip-form paver as an experimental 
section alongside conventional lean concrete to facilitate direct 
comparison. It is anticipated that two thicknesses are included 
in the trial section being, firstly, comparable to that of the 
dry lean concrete based on Road Note 29 recommendations and, 
additionally, of the thickness suggested from elastic analysis 
of the otherwise similar structure using the limiting tensile 
strain criterion. The choice of applied load adopted for the 
analysis should reflect the practical maximum wheel load which 
is likely to be carried by the pavement. Since it is difficult 
to predict the magnitude of loads at future stages in the 
pavements life and, furthermore, the tensile strain capacity 
will increase with age, it is anticipated that the design 
loading should be based on the load below which 95%  say, of 
the total traffic is expected during the first year. This 
value could be used in conjunction with the 28 day limiting 
strain to ensure a reasonably conservative design because, by 
implication, less than 5% of the first year total traffic in 
this example would cause irrecoverable deformation. Clearly, 
the exact nature of the pavement and the traffic load spectrum 
will have a marked influence on the overall response of the 
wet-lean concrete layer and on its relative sensitivity to 
variation of loading but, initially, it is felt that such a 
trial undertaken with comprehensive monitoring of behaviour 
could provide much useful data. A preliminary computer-based 
study is envisaged to assess the general feasibility of the 
design proposals with particular interest in the expected 
performance of the Road Note 29 configuration.
Other recommendations for continuing work are made after the 
following secondary conclusions.
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7) The two wet-lean concrete mixes examined here show that, in 
terms of strength and elastic properties, similar values to 
those associated with dry lean concrete can he achieved by 
the addition of further cement to compensate for the greater 
water content. The use of an inert filler material, at 5% 
by weight of total aggregate, enhanced the fresh properties 
sufficiently to produce a cohesive and mobile mix being 
suited to conventional methods of concrete placing.
8) The tensile stress-strain response of these materials at various 
ages showed that a general curve is followed only for the richer 
mix, with a cement content of 168 kg/m3, in uniaxial tension. 
Decreases in ductility of the material, as the age increased 
from 2 days to 28 days, were particularly evident from flexural 
tension tests on both mixes.and from uniaxial tension tests of 
the leaner mix (oement content 116 kg/m3). Strains recorded at 
failure, and at the extent of linear response, were less in 
uniaxial tension than values obtained from flexural testing.
No simple relationship exists between the two test methods, 
in terms of these parameters, due mainly to the. marked 
differences in post-linear behaviour.
9) The flexural tests showed that, in general, the neutral axis 
position was slightly closer to the compressive surface than 
the tensile surface throughout load cycles, and a distinct 
upward shift of neutral axis was apparent from 90% of ultimate 
load as failure was approached. It is considered that the 
initial behaviour indicates the existence of surface micro­
cracks even prior to loading whilst the subsequent response 
shows opening of these cracks under load.
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10) The strength properties of the two wet-lean concrete mixes 
largely complied with the generally accepted interrelationships 
for normal concrete so that, for example, the flexural strength 
was approximately 10% of the cube strength whilst the cylinder- 
splitting stength and the uniaxial tensile strength were similar 
and were lower than the flexural strength. Distinct differences 
in correlation between static and electrodynamic values of 
elastic modulus were found for the two mixes, however, and the 
major importance of elastic modulus in theoretical considerations 
suggests that caution should be adopted when these values are 
estimated for analytical purposes. This investigation showed 
that the deformational characteristics are particularly sensitive 
to changes in elastic modulus.
11) The failure loads of the test slabs were not predicted satis­
factorily by a plastic analysis, based on the behaviour of a 
finite concrete slab under static load, which suggests that the 
assumptions used did not model the experimental details sufficiently 
closely. It is not considered, at this stage, that a more com­
plicated theoretical representation is justified until the 
implications of the proposed limiting tensile strain criterion
are further examined.
12) The effect of age upon the main properties of the wet-lean 
concrete mixes was assessed, principally to determine the 
likely performance of the material during the lifespan of a 
pavement. In particular, it was found that the rate of gain 
of strength is greater than that of elastic modulus for ages 
above about 2 days which suggests that improved resistance 
to traffic-induced stresses would be expected with maturity.
The limited tensile strain data show that the proposed strain 
capacity increases with age as would be anticipated. A study 
of the literature allowed the results from this investigation 
to be extended and factors for predicting strength and elastic 
modulus values have been derived from nominally 28 day values, 
which cover a considerable age range.
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13) The use of proprietary cast-in strain gauges during this study
proved successful and their use in concrete having normal levels 
of -workability is to be recommended when the measurement of 
specific internal strains is required. The slab tests showed, 
however, that the top surface strain values are satisfactory 
indicators of strains induced on the -underside up to the 
limiting tensile strain values. Beyond this limit, compressive 
strains are not reliable monitors of the tensile strain response 
induced on the opposite surface, due to divergence of the tensile 
strains, and furthermore the compressive strains did not generally 
provide a clear definition of the start of this divergence.
Whilst the earlier recommendation for a comprehensive full-scale trial 
of wet-lean concrete is felt to be justified at this stage, it is clear 
that considerable further effort is merited with regard to the tensile 
material response. The definition of a fundamental limiting tensile 
strain criterion has proved central to this work and, of necessity, 
this has been based on fewer data than would be ideally preferred. 
Neverthe less, the similarity of values determined from flexural 
testing and from slab tests is considered reasonably founded and, 
consequently, the main area for immediate study is seen as an extension 
of the flexural data.
In particular, it has become evident that major emphasis in previous 
investigations has been placed on material performance assessed by 
strength-related parameters or, when strains have been considered, 
in terms of end-point strain values. The work envisaged would be 
based on measurements of load-strain response for beam specimens 
and for small-scale slabs, with the majority of tests undertaken on 
beam specimens. Principal variables are seen as specimen depth and 
support condition which will be examined under various methods of 
loading including fatigue. Particular attention should be given to 
deviations of the load-strain response and it is felt that fatigue 
testing, in which induced strain rather than applied load is the main 
consideration, will provide much useful data. This type of teat 
requires the development of suitable electro-mechanical servo 
mechanisms so that load cycling can be -undertaken between preset 
tensile strain limits. The use of demountable electrical strain
measuring transducers based, for example, on LVDTs within a pivotting 
knife-edge apparatus, is further thought to be a useful research aid 
since this would preclude much of the specimen preparation time that 
is normally required for strain measurements on concrete. A continuous 
record of the load-strain response would be obtained on a plotter, 
providing a simultaneous visual check on behaviour, whilst these data 
could additionally be recorded in digital form for subsequent inter­
pretation.
The results from this work could be used in conjunction with, perhaps, 
a microscopic study of the material structure to determine the cracking 
characteristics and identify the mode of failure. Even without this 
type of supplementary investigation, however, it is considered that 
the proposed line of research will yield implementable findings 
regarding fundamental failure criteria applicable in pavement design. 
Materials examined initially are seen as dry lean concrete, paving 
quality concrete and wet-lean concrete so that the range of concretes 
associated with road construction are assessed. A3 a separate study, 
the effect of age upon the behaviour of, say, paving quality concrete 
©ould be determined. Similarities of constituent materials for these 
concretes should ensure that results along the latter line would be 
relevant to the other types of concrete.
Predictive methods for estimating material descriptors based on 
simple tests for elastic modulus and strength may prove fruitful, and 
laboratory testing of the materials used in the main test programme 
would be a necessary supplement to this work. It is then foreseeable 
that material descriptors oould be derived with sufficient reliability 
and accuracy from relatively simple tests to enable meaningful use in 
analytical design procedures. f
At a later stage, it may be feasible to consider lower quality cemented 
road materials in this manner so that data relevant to all classes of 
such material are available for analytical design methods. The 
principal long-term benefit from this work is anticipated ag providing 
a better basis for assessing new materials and, perhaps more important,
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enabling modifications to existing materials to be made in order to 
enhance their performance. In each instance, it is clear that greater 
economy of materials would be the over-riding aim which can only be 
fully realised with the advent of rational design methods.
A final, area of study, of direct relevance to the present work, is 
considered as the evaluation of shrinkage and thermal behaviour of 
the wet-lean concretes since these govern the primary cracking 
characteristics. It is felt, however, that a reasonable estimate 
of these actions could be made on the basis of data applicable in 
dry lean concrete and conventional dense concrete so that the 
particular study should concentrate on large-scale tests to determine 
the factors influencing primary cracking incidence. Variables could 
include subgrade restraint, environment (assuming that both temper­
ature and humidity are controlled) and mix strength, although the 
latter would be considered primarily in terms of tensile strain 
response. Tests of this nature are difficult to implement, since 
a considerable section length is required, but it is considered that 
the results from such work under carefully controlled conditions would 
prove useful to the general understanding and acceptance of cemented 
materials in road layers.
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APPENDICES
- Al -
Crack -patterns at failure
Figures Al to A 5 show the crack patterns obtained, from the 75 nnn test 
slabs at collapse. The first test slab (A) was 100 mm thick and., 
because the load carried and the observed strains were far higher 
than anticipated, testing was terminated before such' a failure 
condition was reached in order to examine the specimen for signs 
of distress. An inspection of the underside did not reveal any 
cracks and the slab was broken out whilst a reassessment of the 
test arrangement was undertaken. Subsequent experience suggests 
that radial cracks had initiated in the tensile zone but that the 
integrity of the slab precluded identifying their position without 
load applied.
The remaining tests were made on 75 nim thick slabs which, in each 
case, were loaded to complete failure. The crack patterns are 
essentially similar with collapse represented by four approximate 
quadrants with comer breakage superimposed.
APPENDIX A
I
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£  represents l ine of reac tio n  beam
* n ?
3*0 metres
Figure A.1 Crack pattern of slab B1
-  A3 -
Figure A.2 Crack pattern of slab B2
-  A4 -
Figure A.3 Crack pattern of slab B.3
-  A5 -
Figure A.4 Crack pattern of slab C
- A  6 -
Figure A.5 Crack pattern of slab D
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Numerical interpretation of pressure and deflection data 
General
In order to estimate both maximum subgrade pressure and the modulus 
of subgrade reaction, using the observed values of pressure and 
deflection, a volume integration procedure was applied to these data. 
In the former case the subgrade pressure results were subject to 
considerable variation, making meaningful interpretation difficult, 
so the technique was used to provide reasonable estimates of axial 
induced vertical subgrade stress for comparison with predicted values. 
For the latter case, however, the empirical values of deflection were 
not in question and the method was used to give values of subgrade 
reaction modulus for Westergaards analysis, derived from the test 
slab responses.
Procedure
The axisymmetry of the test configuration allows a radial profile 
of a given response to be integrated about the load axis, to produce 
a volumetric assessment of the change due to a given load. The 
basis of the technique requires that suitable lines or curves are 
fitted to the data values to mathematically describe the radial area 
to be integrated. With judicious simplification, it was assumed 
that for vertical subgrade stresses the integration would yield a 
value equivalent to the applied load whilst for deflections, the 
volume of subgrade rubber displaced would be indicated. Curve 
fitting was undertaken using an degree symmetric polynomial
function on a least squares regression and, more successfully, with 
linear functions applied on a visual basis.
Deflections
For estimating the modulus of subgrade reaction, it was assumed that 
negligible vertical strains were induced within the test slab and 
that no displacement of layers beneath the subgrade occurred. Thus 
the apparent volume displaced at a given load, as indicated by the
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deflection profile of the slab top surface, is considered to represent 
only displacement of the subgrade material therefore allowing the 
modulus of subgrade reaction to be estimated. For the particular 
test configuration it is considered that a reasonably reliable 
value is obtained for analytical purposes.
Figures Bl and B2 illustrate typical examples of the method for 
deflection data, and Table Bl gives the mean results for tests B,
C and D at various proportions of ultimate load.
Table Bl
Modulus of subgrade reaction deduced 
from volume displacement
Test Proportion of ultimate load Rubber
thickness
(mm)$CM 40% 70%
* pci kN/m2/mm pci m t /2/kN/m^/mm P°i ; kN/m2/mm
B 100 27.1 145 39.4 125 33.9 18
0 114 30.9 167 45.3 120 32.6 18
I) 88 23.9 95 25.8 60 16.3 36
Tests B and C, having similar depths of rubber, should be comparable 
but the Table shows considerable variation whioh is primarily due to 
the simplifications made in interpreting these data. Nevertheless, 
it is felt that the values adopted for analysis of 40.7 kN/m2/mm 
(150 pci) and 24*4 kN/m2/mm (90 pci), for thicknesses of rubber of 
18 and 36 mm respectively, are reasonable. The reduction in deduced 
values when the load increases from 40% to 70% of ultimate are- 
thought to show the effect of changes in restraint as crack 
propagation on the slab underside develops.
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Polynomial: y= -00475x -  *02150x4+ -035058 x2-  -01938
(x  In metres) y=0, X =  1l33m
J "volume about load axis &  40 -1 kN/rrf/mm
/
fx-0,-1 jx --1 ,-6  r
j y = — 0210 1y =  '026x -  *0236 T
volume about load axis 39-5 kN/m2/mm
Figure B.1 Determination of modulus of subgrade 
reaction: typical example
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Line approximations:
1) f x : - 0 ,  -15 f x : -  *15, *50 f  x : -  -50 ,  M O
y = -  -0250 ( y =  * 0 4 0 x  -  -031 I  y = ' 0 1 8 x  - •  0 2 0
X 0,  -15 Y un LT
I
Q fx:- • 50 , 1-10
y= - * 0 2 5 0 ( y ^ ' 0 3 7 x  - - 0 3 0 5 ( y = * 0 2 0 x -  - 0 2 2
Con ti nuity y ( 0 - 1 5 ) = - - 0 2 5 0  y{ 0-50)  = — 0110
y(0* 50) = — *0110 y (1 -10) = -  ■ 0002
J"volume about load axh. ^  35-0  kN/mVmm
2 )
Cont inu i ty  y(0-15)= - - 0 2 5 0  y ( 0 - 5 0  ) = - •  0120
y(0*50} =-*012 0 y( 1-10 ) = 0
volume about load axis 3 3 *4  k N /m V m m
Figure B.2 Determination of modulus of subgrade 
reaction
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Two main assumptions were made for interpreting the empirical subgrade 
pressure data, these being that the sense of the recorded values was 
correct and that the data were never overestimates of the true pressures. 
Thus the extent of the positive pressure dish and a guide to the 
envelope enclosing the data values is suggested. These assumptions 
preclude the use of normal ourve fitting techniques and, based on 
the previous experience for deflections, approximations were generally- 
based on three straight line sections with continuity checks at 
intersects.’ Normalised pressure values were used so that it was 
assumed that the integration would give a value of 1 kN if the 
selected boundary functions were reasonably accurate. Figures B3 
and B4 show examples and Table B2 gives the results from this exercise.
Pressures
Table B2
Estimated axial subgrade pressure per unit load
Test Subgrade pressure (kN/m2) per kN
Proportion of 
ultimate load 20% 40% 70%
B 0.50 O.64 0.90
G 0.75 0.80 1.00
D 0.55 0.55 0.60
The differences between tests B and test C are attributable to the 
relative stiffnesses of the slabs, in terms of elastic modulus, and 
suggest that more localised deformation occurs with the leaner mix 
(test C). Interestingly, these differences decrease with higher 
load indicating that structural deterioration reduces initial 
modulus variation to a second order effect with material breakdown. 
Tests C and D show the effect of change in support stiffness with
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Best approximation:
| x =  0 , 0 * 1  J x  = 0*1, 0*7 fx = 0 * 7 , 1 * 4
(  y = - 0 * 6 4  ( y  = 0*73 x  -0-71 C y = 0*29x -  0-40
CoQ.U nul-t l  y { 0 * 1 ) - - 0 - 64 y ( 0 *1 )  = —0*64 y{0*7) -  - 0 - 2 0
y(0* 7) = -  0* 20 y (1 -4) -  + 0 * 0 1
volume about load axis = 0 * 9 6  kN
Therefore maximum ax ia l  stress = 0 * 6 4  k N / m V  kN
Figure B.3 Estimation of maximum vertical stress 
under the slab
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Approximations shown:
j  ) jfx -  0 0,1 0 volume about load axis = 1 *0 5  kN
1 y *x -  1*0
2 )  ( x - 0 - 0 ,  0 -0 5
ty-« -  1-00
Continuity
j x  » 0 - 0  5, 0*95 
Ly = 1 - 1 2 x - 1 - C
r
06
y ( 0 0 5 )  = - 1 - 0 0  
y( 0* 95}  = 0 - 0 0
volume about load axis = 0* 99 kN
Therefore maximum ax ia l  stress = 1 • 0 k N / m * /  kN
1500i j
Figure B.4 Estimation of maximum vertical stress 
under the slab
-  B8 -
the 18 mm layer of rubber leading to larger vertical stresses than 
those for the 36 mm layer. These data additionally imply that less 
marked changes of deformation were recorded for test D since only a 
relatively minor increase in unit vertical stress is evident with 
increased load.
